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Centropyxis aculeata (testate lobose amoebae)
and associated diatoms from the intertrappean lacustrine
sediments (Maastrichtian) of central India:
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Deepesh Kumar, Anup Dhoble, and Priya Pizal

ABSTRACT

The Deccan Continental Flood Basalt (DCFB) sequence of India includes the vol-
canic flows of the Deccan Traps and the intertrappean sedimentary lacustrine deposits
that lie in between the flows. The well-preserved arcellinidan taxon Centropyxis acu-
leata and associated diatoms on their tests are described for the first time in India from
palaeolake sediments (Maastrichtian) of the Bagwanya Intertrappean sequence in
Central India. Laminated shales and clays yielded diatoms, arcellinidans and sponge
spicules, whereas other lithofacies composed mainly of black cherts yielded marker
palynomorphs of Maastrichtian age. Diatoms isolated from the sediments include the
poorly preserved centric diatom Aulacoseira and other pennate diatoms. Sponge spic-
ules are present in this microfossil assemblage and show similarity with the extant
genus Corvosponagilla.

Five diatom taxa, Cyclotella sp. (? meneghiniana); Pantocsekiella sp. (? ocellata);
Achnanthes sp. (? brevipes); Diadesmis sp. (? confervacea); and Oricymba sp. (? tian-
muensis), found associated with the tests of Centropyxis aculeata have been
described. Palaeoecological interpretation of this palaeolake is based on the informa-
tion derived from lithology, arecllinidans, diatoms and the palynomorphs. Bagwanya
Palaeolake was a perennial, warm water, well oxygenated and very low salinity lake,
surrounded by tropical to subtropical terrestrial and aquatic plants along its coast and
also under shallow waters. The environment in this lake was under stress due to ongo-
ing and extensive volcanism in the region, leading to SO, and CO, outgassing. Xeno-

somes of sand and various species of diatoms on the test of Centropyxis aculeata
indicate that the shallow benthic environments of the lake had a sandy substrate.
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INTRODUCTION

The Deccan Continental Flood Basalt (DCFB)
sequences of India covers parts of central, western
and southern India that include the Deccan Traps
and the associated intertrappean beds (Figure 1).
A significant part of the DCFB lies under the Ara-
bian Sea. Mumbai Offshore Basin, a major petrolif-
erous region in the Arabian Sea, has an almost
complete Cenozoic sedimentary section that over-
lies the DCFB and Deccan Trap Breccia (Chatter-
jee et al., 2006).

The DCFB province of India is amongst the
best-studied continental flood basalt provinces in
the world. It covers an area of over 500,000 km2,
with eruptive volumes estimated at ~1.3 x 106 km3
(Jay and Widdowson, 2008) between 69 and 62
Ma ago (Pande, 2002; Sheth and Pande, 2014).
However, Chatterjee et al., (2006) stated that the
outpouring of enormous continental flood basalts of
the DCFB spread over not just central and western
India but also the adjoining Seychelles microconti-
nent, covering more than 1,500,000 km?2 that
marked the close of the Cretaceous Period (Figure
2). According to Cox (1989), the Deccan volcanism
was associated with rifting and rapid migration of
the Indian plate over the Reunion Island hotspot
(Figure 2) that consequently affected the composi-
tion of the sediments as well as biota (Tandon,
2002). Sediments that are associated with and
positioned below the DCFB are called “infratrap-
pean” while sediments that lie in between the flows
and were deposited during breaks in volcanic activ-

ity are called “intertrappean”. These intertrappean
sediments have yielded a variety of fossil assem-
blages (Kapgate, 2005; Bonde, 2008; Khosla and
Verma, 2014; Smith et al., 2015; Mohabey and
Samant, 2019), including dinosaurs (Mohabey and
Samant, 2013) and palynomorphs (Samant and
Mohabey, 2014). Stratigraphic resolution and the
duration of the sedimentary units and flows in the
Deccan volcanic province are constrained by mag-
netostratigraphy, Milankovitch stratigraphy and sta-
ble organic carbon isotope studies (Hansen et al.,
2001, 2005; Verma and Khosla, 2019).

Globally, the Late Cretaceous was a warm
period, possibly due to the release of CO, and SO,

to the atmosphere from extensive volcanism (Self
et al., 2008). During this period, India was posi-
tioned south of the Equator (Figure 3), and the cli-
mate of the region was tropical-semitropical and
arid-semiarid (Ali and Aitchison, 2008). This cli-
matic condition prevailed before the onset of volca-
nic activity in the region, as indicated by the
presence of well-developed calcrete profiles in the
infratrappean sediments of the Lameta Formation
(Mohabey et al., 1993; Tandon et al., 1995; Tandon
and Andrews, 2001). The onset of volcanic activity
in India had different sites and sources of eruptions
(Hansen et al., 2005; Kale et al., 2020) that
changed the climate in geographically separated
regions from humid (Samant et al., 2014; Thakre et
al., 2017) to arid (Khadkikar et al., 1999; Keller et
al., 2009). Recent studies of paleosol associated
with Deccan volcanic flows suggest a wet subtropi-
cal environment with mild seasonality (Dzombak et
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FIGURE 1. Map showing the central regions of India covered by the Malwa Group, and the location of the Bagwanya
Intertrappean outcrops. Green areas are the extent of the Deccan Continental Flood Basalt (DCFB).

al., 2020). Evidence of such climatic and environ-
mental changes are archived in the sediments and
biota associated with the intertrappean sediments
(Keller et al., 2009; Gertsch et al., 2011; Samant et
al., 2014; Ghosh et al., 2006; Fantasia et al., 2016
and Thakre et al., 2017).

Arcellinidans are a group of shelled benthic
protists commonly found in Quaternary lacustrine
sediments. Their modern-day distribution is global,
and they occur from the equator to the poles, in a
variety of fresh to brackish aquatic and terrestrial
habitats (Nasser and Patterson, 2015). They build
their tests (microscopic shell) by agglutinating for-
eign particles (xenosomes) in an autogenous
cement, usually mucopolysaccharides, thereby
forming xenogenous tests. The nature of the xeno-
somes is entirely controlled by the composition of
the substrate and may consist of sand grains and/
or diatom frustules (Medioli et al., 1990; Kumar and
Patterson, 2000). Arcellinidans are sensitive to a
wide range of environmental variables (Warner,
1990; Warner and Charman, 1994; Warner and
Bunting, 1996; Charman et al., 2000; Patterson
and Kumar, 2002; Patterson et al., 2002). Genus
Centropyxis belongs to the Superfamily Arcellinina,
commonly known as thecamoebians or testate

lobose amoebae. The type species Centropyxis
aculeata can be found in every lacustrine and most
brackish environments; however, it prefers warmer
waters above the thermocline. This species com-
monly occurs in Quaternary lacustrine sediments
(Patterson and Kumar, 2002) but its geological
record goes back to early Permian (Kumar et al.,
2011).

Diatoms are unicellular, eukaryotic algae hav-
ing siliceous cell walls and yellow-brown pigments
(Battarbee et al., 2001). They commonly occur in
all aquatic habitats and soils (John, 2014). Their
oldest geological record is from the early Jurassic
(Rothpletz, 1900); however, they commonly occur
from early Cretaceous and younger sediments
(Harwood and Gersonde,1990). The oldest known
non-marine diatom Aulacoseira was reported from
the Late Cretaceous Lameta Formation and inter-
trappean beds (Mohabey, 2001; Ambwani et al.,
2003). Many of these fossil diatom species have
forms akin to the present-day extant taxa.

Malwa Group flora (Mohabey et al., 2018) and
fauna (Mohabey and Samant, 2013, 2019) pro-
vided initial information of the Late Cretaceous
biota of this region. The objective of the present
study is to record microfossils from Bagwanya
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FIGURE 2. Palaeoposition of India - Seychelles during
the Cretaceous - Tertiary transition (65 Ma ago), show-
ing the geographical distribution of the Deccan Conti-
nental Flood Basalt (DCFB), commonly known as the
Deccan Traps. Location of the Deccan-Reunion Hotspot
is shown in relation to the geographic limits of the
DCFB. The red asterisk marks the location of the Bag-
wanya Intertrappean outcrop (modified after Chatterjee
et al., 2006).

Intertrappean (Maastrichtian) palaeolake sedi-
ments and evaluate the palaeoecological signifi-
cance of the Arcellinidan assemblage and
associated diatoms.

GEOLOGY OF THE AREA

The study area of the Bagwanya intertrap-
pean lies in the Dhar district of Madhya Pradesh in
Central India (Figure 1 and Figure 4). Deccan vol-
canic flows in the area are classified as the Malwa
Group, having a cumulative thickness of 730 m that
comprises 47 flows. The Malwa Group is divided
into six formations, namely Mandleshwar, Kalis-
indh, Kankaria-Pirukheri, Indore, Bargonda and
Singarchori formations in ascending stratigraphic
order, and these flows are underlain by the Lameta
Formation. Of these formations, only the lowermost
Mandleshwar Formation, comprising seven basal-
tic flows, and the overlying Kalisindh Formation
with its 11 basaltic flows, are associated with inter-
trappean paleolake sediments and red and green
boles (Geological Survey of India, 1995). These
boles are soiled or altered products of weathered
basalt, and the red and green colour is due to the
variable Fe, O3 and MgO content of these basaltic
lava flows (Ghosh et al., 2006). Intertrappean beds
occur at seven stratigraphic levels in the
Mandleshwar Formation. The uppermost Ukala

FIGURE 3. Palaeoposition of India during the Maastrich-
tian (68 Ma), showing its location south of the Equator.
The red asterisk shows location of the Bagwanya Inter-
trappean outcrop (modified after Scotese, 2014).

intertrappean sediments in the Kalisindh Formation
have bones of sauropod dinosaurs (Mohabey and
Samant, 2013, Mohabey et al., 2019). Stratigraphi-
cally, the intertrappean palaeolake deposits of Bag-
wanya occur in the Mandleshwar Formation
between the flows six and seven (Geological Sur-
vey of India, 1995, 2000, and unpublished reports;
Mohabey et al., 2018; Figure 4).

Distinct facies variations are observed in the
Bagwanya Palaeolake sediments that extend in an
area of over 4 km2. The section having diatoms
and arcellinidans is about 2.5 m thick (Figure 4),
and comprises of about 80 cm of lumpy clays, 25
cm of laminated shales and clays, 100 cm of lumpy
to laminated silty shales and 20 cm thick cherty
limestone in ascending order. Shales and clays are
rich in gastropods, ostracods, fish scales and
teeth. The arcellinidans and diatoms are mostly
recovered from the upper laminated lumpy silty
shales (Figure 4). A magnetic polarity study carried
out by us of the flows underlying and overlying this
intertrappean section indicates normal polarity
chron interpreted as Chron 30N (Mohabey et al.,
2018). The black to gray chert that is present in the
eastern side of this palaeolake is rich in Maastrich-
tian angiosperm palynomorphs such as Azolla cre-
tacea, Aquilapollenites bengalensis, Gabonisporis
vigourouxii and Jiangsupollis sp. Apart from paly-
nomorphs, the remains of vertebrates such as
dinosaurs, crocodiles, fish and turtles are also
recorded from this section. Based on the presence
of marker Maastrichtian palynomorphs and the nor-
mal polarity of the underlying and overlying basaltic
flows, the sediments are interpreted to have been
deposited during Maastrichtian Chron 30N of flows
vis-a-vis the flows erupting in the same magnetic
chron (Mohabey et al., 2018, 2019). Schobel et al.,
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FIGURE 4. Location of the Bagwanya Intertrappean outcrop,

ing lithology of the arcellinidan-bearing horizons.

(2014) suggested that the lower sequence of the
lava flows of Malwa Group erupted during the
Chron 30N of Maastrichtian, based on 40Ar-39Ar
radioactive dating and magnetostratigraphy of the
flows in the western part of the Malwa Group. One
such flow having a normal magnetic polarity has
yielded a 40Ar-39Ar age of 67.12 + 0.44 (Schobel et
al., 2014).

MATERIAL AND METHODS

A total of 12 samples composed of shale, silty
shale, laminated shale and limestone were macer-
ated; out of these, only two samples yielded arcel-
linidans (Figure 4). Sample preparation and
maceration techniques follow Traverse (1988) and
Brasier (1980), with certain modifications. Briefly,
about 50 gm of each sample was thoroughly

Bagwanya Intertrappean

22°30°

ofind 8 Bagwanya intertrappean section

75°30]

B Deccan Flows Gastropods

EE= Limestone Fish scales

; Lumpy to

laminated shale @ Ostracods

=== Silty shale Arcellinidan bearing
E=shale Unproductive samples
Lumpy shale

showing lithostratigraphy of the section and correspond-

washed with distilled water, crushed into coarse
sand size powder and treated with 5% hydrochloric
acid (HCI) to remove carbonates. This was fol-
lowed by a treatment with 5% hydrofluoric acid
(HF) for 15 minutes to remove silica, and 50% nitric
acid and 5% potassium hydroxide (KOH) for oxida-
tion and the removal of humic matter. All the treat-
ments were carried out at room temperature (30°-
35°C). Residues were sieved through 15 pm
sieves and divided into two parts, one for the
preparation of optical slides and the other for scan-
ning electron microscopy (SEM). This size of the
sieve used was to ensure that no arcellinidands or
any other palynomorphs were lost. For optical
slides, residues were mixed with a polyvinyl alco-
hol solution and smeared over a coverslip for dry-
ing. Later, coverslips were mounted on slides with
Canada Balsam solution. Five slides were pre-
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pared from each sample. These slides were
scanned under 200x magnification using an Olym-
pus light microscope, model no. BX51 and photo-
graphs were taken at 400x or 1000x magnification
with an Olympus light microscope, model no. BX
51 mounted with DP 20 camera. A total of 50 arcel-
linidans were counted from each sample and all of
them were specimens of Centropyxis aculeata.
Generally, each slide had five or more specimens
of Centropyxis aculeata. This number was found to
be adequate to observe morphological variations
within this species.

For SEM, the technique for picking the
desired grain was adopted from Ferguson et al.,
(2007). Briefly, the processed sample was mixed
with glycerin, spread over a glass slide and
scanned under the Zeiss light microscope, model
Axio Imager using 100x magnification. The desired
grain was picked with the help of human hair
attached to a dissecting needle. The picked grain
was mounted onto an SEM stub, and the grain was
washed with alcohol to remove traces of glycerin.
The prepared stubs were sputtered with gold-palla-
dium and imaged with a JEOL JSM-IT300 Scan-
ning Electron Microscope. SEM photographs were
taken at an accelerating voltage of 15 kV at the
Jawaharlal Nehru Aluminum Research Develop-
ment and Design Centre (JNARDDC) in Nagpur,
India. All slides are stored at the museum of the
Postgraduate Department of Geology, RTM Nag-
pur University, Nagpur.

The identification of Centropyxis aculeata is
based on Ellison and Ogden (1987) and Kumar
and Dalby (1998). Identifications of diatom taxa are
based on Krammer and Lange-Bertalot (1986,
1988, 1991a, 1991b), John (2014) and Karthick et
al., (2013).

RESULTS

In the studied intertrappean section, lami-
nated to lumpy silty shale facies yielded arcellini-
dans (Figure 5), diatoms (Figure 6) and sponge
spicules. However, cherts yielded only palyno-
morphs that include Azolla cretacea, Cyathidites
australis, Gabonisporis vigourouxii, Aquilapollen-
ites bengalensis, Jiangsupollis sp., Sparganiace-
aepollenites sp. and Proxapertites spp. (Figure 7).
The presence of Azolla cretacea, Gabonisporis
vigourouxii, Aquilapollenites bengalensis and
Jiangsupollis sp. suggests a Maastrichtian age
(Samant et al., 2020).

The occurrence of Centropyxis aculeata and
associated diatoms is reported for the first time
from these intertrappean palaeolake sediments of

6

India. While Centropyxis aculeata shows distinct
morphological details (Figure 5), the diatoms iso-
lated from the sediments are poorly preserved and
lack identifying morphological features. Broadly,
the diatoms represent the centric genus Aulaco-
seira and indeterminate pennate diatoms. Their
presence provides significant information about the
paleoecology of this microfossil assemblage and
the paleoenvironments of the intertrappean palaeo-
lake.

SYSTEMATIC PALAEONTOLOGY
Arcellinidans

Arcellinidans, or testate lobose amoebae, are
a group of protists that belong to the Order Arcel-
linida. Five or more specimens of arcellinidans rep-
resented only by Centropyxis aculeata were
observed in each slide (Figure 5). Its morphology
ranges from spiny to spineless. Their taxonomic
position is as follows.

Phylum AMOEBOZOA (Liihe, 1913) Corliss, 1984
Subphylum LOBOSA Carpenter, 1861
Class TUBULINIEA Smirnov et al., 2005
Subclass TESTACEALOBOSIA De Saedeleer,
1934
Order ARCELLINIDA Kent, 1880
Suborder ARCELLININA Haeckel, 1884
Superfamily DIFFLUGACEA Stein, 1859
Family CENTROPYXIDAE Jung, 1942
Genus Centropyxis Stein, 1859 (ref. Patterson, R.
T. and Kumar, A. 2002, Palaeo 3, 180:225-251)

Type Species. Centropyxis aculeata (Ehrenberg,
1832) (Figures 5, 6.1)

Description. Test bilaterally symmetrical, outline
subcircular to ovoid; shell composed of protein-
aceous matrix with agglutinated mineral grains and
diatom frustules; aperture sub-terminal or eccen-
tric, invaginated, with multiple spines (Ellison and
Ogden, 1987). In the present assemblage, some
spines are intact but many are often broken, vary
between two to five or sometimes more, and test
size varies between 60 ym to 75 um.

Diatoms

Many well-preserved frustules of pennate and
centric diatoms were found attached on the Cen-
tropyxis aculeata tests. Diatoms could be identified
only to the genus level because the central area,
valve face or margins were often difficult to
observe (Figure 6). Therefore, identification was
assigned to the generic level, and species hames
are tentative and presented in parentheses with a
question mark. The observed centric diatoms are
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FIGURE 5. (Scale bar for figures 1-6 is 10 ym; EF is England Finder Reading). 1-3. LM photograph of Centropyxis
aculeata (Ehrenberg, 1832); 1. Slide no. 1A6, EF H48; 2. 1A3, EF K 40/2; 3. 1A4, EF K40/3. 4. LM photograph of Cen-
tropyxis aculeata (Ehrenberg, 1832) with big xenosomes of silica; Slide no 1A4, EF 061/2. 5-6. LM photograph of
Centropyxis aculeata (Ehrenberg, 1832) showing presence of xenosomes of variety of diatoms as well as silica grains
on the test; 5. Slide no 1A3, EF U38; 6. 1A1, EF E56/1. 7. SEM photograph of Centropyxis aculeata (Ehrenberg,
1832) showing presence of xenosomes of silica. 8. SEM showing magnified view of the same as 7. 9. SEM photo-
graph of Centropyxis aculeata (Ehrenberg, 1832) showing presence of xenosomes of diatoms on the test. 10. SEM
photograph of Centropyxis aculeata (Ehrenberg, 1832) showing presence of xenosomes of centric diatoms and silica
grains on the test. 11-12 and 15 Centric diatom Cyclotella sp. on the test of Centropyxis aculeata (Ehrenberg, 1832).
13,14. SEM photographs of Centropyxis aculeata (Ehrenberg, 1832).



SAMANT ET AL.: TESTATE LOBOSE AMOEBAE

FIGURE 6. 1. SEM photograph of Centropyxis aculeata (Ehrenberg, 1832). 2. SEM photographs of the centric diatom
Pantocsekiella sp. (internal valve view) on the test of Centropyxis aculeata (Ehrenberg, 1832). 3 and 5. SEM photo-
graphs of the pennate diatom Achnanthes sp. on the test of Centropyxis aculeata (Ehrenberg, 1832). 4. SEM photo-
graph of the pennate diatom Oricymba sp. on the wall of Centropyxis aculeata (Ehrenberg, 1832). 6. SEM photograph
of the pennate diatom Diadesmis sp. on the wall of Centropyxis aculeata (Ehrenberg, 1832).

Cyclotella sp., Aulacoseira sp., and Pantocsekiella and Kaczmarska, 2004
sp.; pennate diatoms include Achnanthes sp. Dia- Class MEDIOPHYCEAE Medlin and Kaczmarska,
desmis sp., and Oricymba sp. 2004
Phylum BACILLARIOPHYTA Round et al., 1990 Subclass THALASSIOSIROPHYCIDAE Round
Subphylum COSCINODISCOPHYTINA Medlin and Crawford, 1990

Order STEPHANODISCALES Nikolaev and
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FIGURE 7. (Scale bar is 10 uym; EF is England Finder Reading). 1. Azolla cretacea Stanley, 1965; Slide no. BG2 S1;
EF L55. 2. Cyathidites australis Couper, 1953 Slide no. BGVN L2; EF Q56. 3. Gabonisporis vigourouxii Boltenhagen,
1967; Slide no. BGVN E4; EF Q52. 4. Aquilapollenites bengalensis Baksi and Deb ex. Samant et al., 2013; Slide no.
BGVN 1C6; EF N-34/1. 5. Jiangsupollis sp.; Slide no. BGVN L4, EF 45/1. 6. Proxapertites sulcatus Jaramillo et al.,

2011; Slide no. BGVN E4, EF R31/1.

Harwood in Khursevich and Kociolek, 2012
Family STEPHANODISCACEAE Makarova in
Glezer and Makarova, 1986
Genus Cyclotella (Kutzing) Brebisson, 1838
Cyclotella sp. (? meneghiniana)
Figures 5.11-12 and 5.15

Description. Valve circular with tangential undula-
tions. Radial striae in marginal zone are broader at
margins and taper towards center; central region
with one to three valve face fultoportulae. The fas-
cicles are separated by inter-fasciular costae.
Dimensions. Valve diameter 4.5-5 ym, diameter of
central area 1.6 - 2.5 ym, striae 24-34 in 10 um,
depression at the central area 2-3 ym.

Genus Pantocsekiella Kiss and Acs in Acs et al.,
2016

Pantocsekiella sp. (? ocellata Kiss and Acs)
Figure 6.2

Description. Valves circular; internal surface view
shows large circular foramen located at the junc-
tion between valve face and mantle; one slanting
rimoportulae in the form of the lip like structure is
present between the costae; at least one fultopor-
tulae is present at the central area; striae are not
visible in the internal surface view but costae are
clearly seen. In between two costae, there may be
one or two alveolate striae.

Dimensions. Valve diameter 5-5.2 um, diameter of
central area 3.2-3.4 um, striae 25-30 in 10 pm,
costae 30 in 10 ym.

Class BACILLARIOPHYCEAE Haeckel, 1878

Subclass BACILLARIOPHYCIDAE Mann in
Round, Crawford and Mann, 1990
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Order COCCONEIDALES Cox, 2015
Family: ACHNANTHIDIACEAE Mann in Round,
Crawford and Mann, 1990
Genus Achnanthes Bory de Saint-Vincent, 1822
Achnanthes sp. (? brevipes)

Figures 6-3 and 6-5

Description. Valve face weakly concave in the
central area. Raphe is slightly curved, weakly
deflected proximal ends and not extending in the
central area. Apices show a moderate hyaline
zone. Moderately radiating biseriate striae with
rounded areolae. Internally striae are separated by
thickened costae/virgae.

Dimensions. Length 12 pm, width 1.5-3.5 um,
striae 24-26 in 10 ym.

Order NAVICULALES Bessey, 1907
Suborder NEIDIINEAE Mann in Kopalova et al.,
20M
Family DIADESMIDACEAE Mann in Kopalova et
al., 2011
Diadesmis sp. (? confervacea)

Figure 6.6 valve view

Description. Valves elliptical, central area broad
and rounded, and tapered areal ends. Raphae is
straight; the striae are radiate and punctate with
variable length.

Dimensions. Length 11.4 pm; width 0.5 -2.8 ym;
striae 34 in10 uym.

Order CYMBELLALES Mann in Round, Crawford
and Mann, 1990
Family CYMBELLACEAE Kiitzing, 1844
Oricymba sp. (? tianmuensis)
Figure 6.4

Description. Valve shows uniseriate-biseriate
striae. The distal raphe ends offset; bent slightly
towards the dorsal margin. Striae show a strong
tendency to become biseriate, circular, laterally
elongate or irregular triangular areolae.
Dimensions. Length 12.5 ym, width 0.90-2.5 ym,
striae 28-30 in 10um.

Sponge Spicules

Sponge spicules are present in this microfossil
assemblage as well, and they broadly show simi-
larity with spicules of the extant genus Corvospon-
gilla. A detailed study of sponge spicules recorded
from these sediments is in progress.

DISCUSSION

The arcellinida bearing Bagwanya Intertrap-
pean palaeolake rocks have yielded a monospe-
cific assemblage of Centropyxis aculeata.
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However, both centric and pennate diatoms associ-
ated with their tests show species diversity, with
several taxa identified. This suggests that the
paleoecology and lake chemistry were favorable
only for the reproduction and survival of Centro-
pyxis aculeata among Arcellinidans. Sediment
lithology and the microfossils recovered are used
to interpret palaeoecology of the Bagwanya Inter-
trappean palaeolake.

Paleoenvironmental and Paleoecological
Implications

Bagwanya Intertrappean palaeolake is esti-
mated to have covered an area of 4 km2. The time
duration of this paleolake is unknown but the strati-
graphic record of 2.6 m thickness of these lacus-
trine sediments suggests that Bagwanya paleolake
lasted for at least several thousand years or more.
We do not know if the shales with mm-thick lamina-
tions represent annual varves, so we do not
attempt to determine the time duration of this 2.6 m
section. Another 2.6 m thick intertrappean palaeo-
lake shale deposit with similar mm-thick lamina-
tions, at Daiwal River section in central India, was
estimated to have been deposited during a span of
100 ky. This time span was estimated using the
presence of five maxima of Milankovitch cycles
based on magnetic susceptibility of the sediments
(Hansen et al., 1996). By analogy, we suggest that
the Bagwanya Palaeolake sediments were depos-
ited within a similar span of time as well. The cli-
mate of this region during Maastrichtian was
tropical to subtropical as suggested by paleolati-
tude of central India at around 25°S, as shown in
Figure 3 (Lutgens and Tarbuck, 1996; Scotese,
2014).

Recent inter basaltic paleosol profile analysis
suggests stable wet subtropical climate with slight
seasonality in India during Masstrichtian (Dzombak
et al., 2020). The following paleoecological discus-
sion is based on sedimentological and microfossil
observations of these intertrappean lacustrine sed-
iments.

Sediments. These sediments are predominantly
clay and shales, indicating deposition in relatively
deeper and low energy environments. However, it
is not possible to estimate the depth of this paleo-
lake. Thin beds of chert and limestone are part of
the sedimentary sequence as well. The presence
of limestone as a chemical sedimentary rock in this
stratigraphic sequence indicates that the lake
water was clear and warm (between 30°N latitude
and 30°S latitude) in which precipitation of calcium
carbonate took place. The presence of chert beds



indicates that the concentration of silica in the lake
waters, during dry spells when pH becomes alka-
line, may have exceeded 10. Another possible
source of silica for the formation of chert may be
biogenic silica derived from diatoms. Silica in the
lake may have also been derived from the weather-
ing of basaltic flows in the region. While the fine
grained sediments, such as shale and clays, were
deposited in the deeper parts of the lake, the shal-
lower nearshore environments of the lake collected
coarser sediments such as sand, as indicated by
the presence of silica sand grains as xenosomes
on Centropyxis aculeata tests (Figures 5 and 6).
Palynomorphs. The palynomorph assemblage of
this intertrappean rock is dominated by the aquatic
plant families Salviniaceae (Azolla cretacea), Mar-
sileaceae (Gabonisporis vigourouxii) and Spargani-
aceae/Typhaceae (Sparganiaceaepollenites).
Modern Azolla is an aquatic fern and is sensitive to
environmental parameters of aquatic ecosystems
such as stagnant waters, ponds, ditches, canals or
paddy fields. It prefers to grow in free-floating con-
ditions (Kramer, 1990; Tryon and Tryon, 1982;
Sadeghi et al., 2013) on calm water surfaces, and
may thus be found on the surfaces of ponds,
canals and lakes, as well as on some slow-moving
rivers (Ghorbanzadeh and Tajer, 2009). Maximum
plant density is obtained at a temperature range of
15°-20°C and net primary productivity is highest
within the 20°-30°C of semitropical to tropical cli-
mate zones. Mean relative humidity for Azolla
growth is estimated at 55-83% (Lumpkin and Bar-
tholomew, 1986). Family Salviniaceae strictly has
floating aquatic plants, whereas Marsileaceae and
Sparganiaceae have an amphibiously rooted habit.
The presence of modern epiphyllous fungi,
mainly Microthyriaceae, is also significant for
assessing palaeoclimate. The reproductive fruit
bodies of these fungi are found abundantly in the
contemporary mesophytic forests of tropical and
subtropical climates. For their development, heavy
rainfall rather than temperature is essential (Cook-
son, 1947; Dilcher, 1965; Selkirk, 1975). The com-
mon presence of epiphyllous fungi
(Phragmothyries and Callimothallus) in the present
samples suggests humid climatic conditions with
good rainfall at the time of deposition during the
Maastrichtian.
Arcellinidans. Arcellinidan assemblages have
been correlated to a variety of environmental and
climatic parameters; a review is provided by Patter-
son and Kumar (2000a, 2002). Arcellinidan
response to environmental parameters such as
metal and organic pollutant contamination (Kumar
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and Patterson, 2000; Patterson and Kumar,
2000b), substrate type, salinity, levels of organics,
oxygen concentration, water temperatures (Rein-
hardt et al., 1998; Farooqui et al., 2012) and water
table fluctuations, humification, changes in inter-
tidal flooding and land use change (Boudreau et
al., 2005; Roe and Patterson, 2006) are among
few of such studies. Centropyxis aculeata is an
opportunistic species that is able to colonize envi-
ronments that are unfavorable to other arcellinidan
species, such as brackish environments (Scott and
Medioli,1980; Boudreau et al., 2005; Farooqui et
al., 2012), low-nutrient levels and oligotrophic con-
ditions (McCarthy et al., 1995), and industrial and
mining induced chemically contaminated sites
(Reinhardt et al., 1998). Kerr (1984) cultured this
species in bacteria-rich pond water devoid of algae
and showed that Centropyxis aculeata is well
suited to nutrient-poor environments. Similarly,
McCarthy et al., (1995) found that Centropyxis acu-
leata probably feeds on bacteria. Generally, this
species indicates various stressed environments
including cold temperatures (Decloitre,1956).
Farooqui et al., (2012) demonstrated thecamoe-
bian communities as proxies of seasonality in a
lake in the Ganga-Yamuna Plains of North India in
which the highest percentages of Centropyxis acu-
leata and its strains ‘aculeata’, ‘discoides’ and ‘spi-
nosa’ occurred during the winter months when
maximum temperatures are ~ 25-0C and relative
humidity is low.

In previous studies, arcellinidan tests attached
with freshwater diatom frustules were recorded
from Permian sediments in Himachal Pradesh and
Godavari sub-basin, Andhra Pradesh, India
(Farooqui et al., 2015). Arcellinidan taxa Centro-
pyxis aculeata, Diffugia sp. A, and Lesquereusia
spiralis have also been reported from the infratrap-
pean Lameta Formation (Sonkusare et al., 2017).
In the present study, we report the occurrence of
Centropyxis aculeata and associated diatoms for
the first time from the intertrappean palaeolake
sediments of India.

The presence of Centropyxis aculeata in the
intertrappean paleolake sediments is significant in
two ways. Firstly, since pre-Quaternary geological
occurrences of arcellinidans are sparse (Kumar et
al., 2011), their presence in the Maastrichtian sedi-
ments of India demonstrates their longer geological
history. Secondly, this species is widely known to
be opportunistic, as evident from its occurrences in
a wide range of environments described above; its
presence in the intertrappean paleolake further
demonstrates adaptability of this species to survive
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in diverse aquatic environments throughout its long
geological history. This palaeolake likely suffered
from a stressed environment due to constant vol-
canic activity and outgassing of SO, and CO, in
which only Centropyxis aculeata could survive.
Further work is required to investigate if other
arcellinidan taxa inhabited this intertrappean palae-
olake.

Diatoms. Diatoms attached to the Centropyxis
aculeata tests are also good paleoecological indi-
cators. Singh et al., (2006) have previously
reported poorly preserved freshwater diatoms from
the intertrappean sediments of India. The centric
diatom Cyclotella suggests high pH (alkaline),
fresh-water conditions. Cyclotella (meneghiniana?)
commonly occurs in the modern eutrophic waters
with low to high electrical conductivity and high
alkalinity (Karthick et al., 2013). Similarly, the cen-
tric diatom Pantocsekiella (Cyclotella) indicates
eutrophic lake conditions. Diatom assemblages
with Pantocsekiella (Cyclotella) ocellata indicate
meso-eutrophic, pelagic deep-water condition of
lakes (Wang, 2012). Thus, the diatom assemblage
associated with Pantocsekiella sp. in the present
study suggests their deposition under meso-eutro-
phic, highly conductive electrolyte rich, pelagic
environment of lakes. Diadesmis is a shallow water
diatom found in lakes, marshes and ponds with
high conductivity (Torgan and Santos, 2008). Thus,
based on the resemblance of diatoms from the
Bagwanya intertrappean paleolake to those found
in modern lakes and other water bodies, it is sur-
mised that the Maastrichtian sediments were
deposited in a highly alkaline freshwater lake with
mesotrophic to eutrophic waters. Extant sponges
grow mostly in shallow water conditions.

Overall, in Bagwanya Palaeolake, the water is
interpreted to be warm, well oxygenated and of
very low salinity. The low salinity of the lake water
is expected due to input from rain fall and streams
and eroding sediments into the drainage basin of
volcanic rocks. The sediment intake in the Bag-
wanya Palaeolake by perennial or seasonal
streams probably impacted the salinity of the lake
water. Since Bagwanya was a perennial paleolake,
it promoted growth of tropical to subtropical aquatic
plants along its coast and under its shallow waters.
Recovered pollen and spores from these sedi-
ments support this observation. The common pres-
ence of phytoplankton such as diatoms in these
sediments suggests that the lake was mesotrophic.
These phytoplankton, along with arcellinidan taxon
Centropyxis aculeata, ostracods, and higher verte-
brates such as fish and crocodiles inhabiting this
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lake, were part of the food-chain within the lake.
The presence of fossil teeth and bones of croco-
diles suggest prevalence of tropical conditions
during the deposition as well.

CONCLUSIONS

The arcellinidan Centropyxis aculeata and its
associated diatoms from the Maastrichtian palaeo-
lake sediments of the Bagwanya Intertrappean
section from the Malwa Group, central India, are
described in this study. Out of a total of 12 sam-
ples, only two produced thecamoebians. Lumpy to
laminated silty shales in the paleolake beds yielded
diatoms, arcellinidans and sponge spicules; other
lithofacies, represented mainly by black cherts,
yielded marker palynomorphs of Maastrichtian
age. The well-preserved Centropyxis aculeata
tests and their attached diatoms is reported for the
first time from the intertrappean paleolake sedi-
ments of India. However, diatoms isolated from the
sediments are poorly preserved centric diatom
Aulacoseira and few pennate diatoms. Sponge
spicules are present in this microfossil assem-
blage, which show similarity with extant genus Cor-
vospongilla as well.

Five diatom taxa, Cyclotella sp. (? meneghini-
ana), Pantocsekiella sp. (? ocellata), Achnanthes
sp. (? brevipes), Diadesmis sp. (? confervacea)
and Oricymba sp. (? tianmuensis), were found
associated with tests of Centropyxis aculeata. The
presence of Centropyxis aculeata in these Maas-
trichtian sediments provides another pre-Quater-
nary example of its long geological history,
extending to the Early Permian, as an opportunistic
species found in diverse aquatic environments. On
the basis of lithology and microfossils, Bagwanya
Palaeoake is interpreted to be a perennial, warm
water, well oxygenated, low salinity lake that pro-
vided ideal ecological conditions for the growth of
tropical to subtropical terrestrial and aquatic plants
along its coast and under shallow water conditions.
Xenosomes of sand and different species of dia-
toms on the test of Centropyxis aculeata indicate
that shallow benthic environments of the paleolake
had a sandy substrate. Further work on sponge
spicules and palynomorphs is in progress which
will help in better understanding the ecological con-
ditions of the intertrappean Late Cretaceous Bag-
wanya paleolake.
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