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Turborotalia cerroazulensis group in the Paleogene sequence of Cambay Basin,
India with a note on the evolution of Turborotalia cunialensis (TOUMARKINE &
BOLLI)
Sanjay Kumar MUKHOPADHYAY1
Abstract
Turborotalia bearing Middle Eocene to Early Oligocene sequence of Cambay Basin in Vagalkhod-Dinod area of Surat-Bharuch
Districts, Gujarat provided zonal indices of Turborotalia vagalkhodensis n. sp. Zone (proposed) and T. pomeroli Zone in the Middle
Eocene, T. cerroazulensis Zone, T. cocoaensis Zone and T. cunialensis Zone in the Upper Eocene and Turborotalia cambayensis n.
sp. Zone (proposed) and Turborotalia kotarduensis n. sp. Zone (proposed) in the Lower Oligocene. The zonal indices of the latter two
zones having respectively extraumbilical-peripheral and areal apertures are peripherally keeled and regarded as phyletic descendants
of Turborotalia cunialensis. With apertural characters different from Turborotalia sensu stricto, their placement in Turborotalia is
made on the consideration of overall morphological resemblance between the Upper Eocene and the Lower Oligocene keeled species
and prevailing morphological continuity among them in an uninterrupted succession. Turborotalia has a late appearance in the Middle
Eocene of Cambay Basin. Turborotalia vagalkhodensis Zone, the lowermost in the sequence, is stratigraphically younger than the
T. possagnoensis Zone, and its zonal index is regarded as a phyletic descendant of T. possagnoensis. The Turborotalia cerroazulensis
group represented by the zonal indices of the above zones of Cambay Basin depicts a continuous morphological change signifying a
lineage that differs from the other such lineages interpreted from studies conducted elsewhere in continuity into the Lower Oligocene.
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INTRODUCTION
The planktonic foraminifer Turborotalia (CUSHMAN
& BERMUDEZ) exhibits phyletic relationships between
its species as revealed in the study of Turborotalia
cerroazulensis group from the Middle-Upper
Eocene sequence of Possagno, Italy (TOUMARKINE
& BOLLI, 1970). The gradual morphological change
in the successive species depicts a lineage in which
evolutionary appearances and disappearances of
stratigraphically signiﬁcant species deﬁne Turborotalia
frontosa Zone, T. possagnoensis Zone, T. pomeroli Zone
and T. pomeroli/ T. cerroazulensis Zone in the Middle
Eocene and T. cerroazulensis Zone, T. cocoaensis Zone
and T. cunialensis Zone in the Upper Eocene. The zonal
indices being part of an evolutionary lineage have
temporal signiﬁcance and their recognition elsewhere
helps in precise correlation of the host sediments.
With the extinction of T. cunialensis the lineage of
the Turborotalia cerroazulensis group is considered to
terminate at the end of Eocene (PEARSON, 1993). Apart
from Possagno in the Mediterranean Province the other
areas from where the development of the T. cerroazulensis
group is known are the Trinidad-Barbados of the
Caribbean Islands in the Atlantic (TOUMARKINE & BOLLI,
1970), and Israel in the Middle East (BENZAMINI & REISS,
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1979). Recently, LI et al. (2003) recovered T. pomeroli,
T. frontosa and T. cerroazulensis from the subsurface of
the Great Australian Bight. In fact, very few localities
show complete development of the group. The present
study in the eastern onshore part of Cambay Basin,
Gujarat, western India reveals a unique Turborotalia
lineage with three new species in the exposed Middle
Eocene-Lower Oligocene sequence. While the known
species occurring in the sequence conﬁrm development
of the established zones, the new species recovered from
the Lower Oligocene part (P18 & P19 Zone) extend the
lineage across the Eocene-Oligocene boundary to deﬁne
new zones. In this paper the new species – one from
the Middle Eocene and two from the Lower Oligocene
– and the new zones are described and the evolutionary
trend of the T. cerroazulensis group signifying the new
Early Oligocene species as evolutionary descendants of
T. cunialensis is discussed. Till recently our knowledge
regarding the occurrence of this group in Cambay Basin,
however, was limited to the reported Turborotalia
cerroazulensis from the subsurface (RAJU et al., 1970 ;
GUHA & PANDEY, 1972 ; DUTTA & MEHROTRA, 1974 ;
MOHAN, 1982 ; PANDEY & SRIVASTAVA, 1996), and
T. cerroazulensis and T. cocoaensis from the outcrops
of the Upper Eocene (MUKHOPADHYAY, 1997). From
an uninterrupted Upper Eocene-Lower Oligocene
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succession MUKHOPADHYAY (1999a, 2003a) further
recovered Turborotalia cunialensis from the Upper
Eocene part and closely resembling Turborotalia sp. A
from the overlying Lower Oligocene part, and thought
of a possible evolutionary relationship between the two.
Although no representative of Turborotalia is considered
to survive the Eocene-Oligocene boundary (LOEBLICH &
TAPPAN, 1988), BERGGREN & MILLER (1988) have shown
that T. ampliapertura representing the other lineage
in the genus (PEARSON, 1993) crosses the boundary
to extend up to the end of P19 Zone. Turborotalia
ampliapertura ranges from P17 to P19 Zone in Cambay
Basin (MUKHOPADHYAY, 1997) ; however, no study has
been undertaken on its lineage.
GEOLOGICAL SET-UP AND STRATIGRAPHY
On the eastern margin of Cambay Basin, in SuratBharuch Districts, Gujarat a Middle Eocene-Early
Oligocene calcareous sequence (9-15 m thick) is
exposed as northeast-southwest trending linear belt from
Vagalkhod area in the east to Dinod area in the west
(Fig. 1). Designated as Amravati Formation (SUDHAKAR
& BASU, 1973), the sequence comprises predominantly
calcareous strata having a low dip towards northwest.
The Anklesvar Formation, an assemblage of sandstone,
pebbly conglomerate and siltstone of Middle Eocene
age underlies it and the poorly fossiliferous Tarkesvar
Formation, an alternation of shale and siltstone of
Oligocene-Miocene age rests over it. The Amravati
Formation contains larger and smaller benthic
and planktonic foraminifera in association with
megainvertebrates and ostracods. Successive younger
beds of the formation are exposed westward in basinal
direction exposing softer and more argillaceous beds
with better-preserved planktonic foraminifera. Standard
P Zones (BERGGREN et al., 1995) recognized within
the formation (MUKHOPADHYAY, 1999b, 2003a, 2003b)
provide a reference framework for the Turborotalia
occurring in it. Based on lithologic characteristics the
formation can be divided into four parts, each is having
distinct foraminiferal assemblage (Fig. 2). The lowermost
part (part i, 2.5 m) around Vagalkhod comprising
calcareous shale and foraminiferal wackestone, yields
Turborotalia frontosa, T. pomeroli and Turborotalia
vagalkhodensis n. sp. in association with Nummulites
atacicus, N. pinfoldi, N. globulus, Assilina papillata,
A. cancellata, Discocyclina spp., Pellatispira boussaci,
P. crassicolumnata, P. orbitoidea, P. aff. madaraszi,
Silvestriella tetraedra, Morozovella sp., Truncorotaloides
topilensis, Globigerapsis beckmanni, Globigerina sp.,
Elphidium sp., Rotalia sp., and Quinqueloculina sp
representing the Globigerapsis beckmanni Zone (=P13
Zone). The next higher part (part ii, 9 m) exposed west
of Vagalkhod is composed of calcareous shale, marl with
occasional siderite and oolitic mudstone. It has yielded an

assemblage of radiate Nummulites including Nummulites
discorbinus, N. beaumonti, N. stamineus, N. boninensis,
N. vicaryi and N. biarritzensis along with subordinate
Discocyclina sp., Truncorotaloides topilensis, T. rohri,
Planorotalites renzi, Turborotalia frotosa, T. pomeroli
and T. cerroazulensis representing the Truncorotaloides
rohri Zone (=P14 Zone). Further west, around Dungri and
Dinod, the next younger part (part iii, 4.5 m) comprises
foraminiferal wackestone, marl and marlite, and contains
three successive foraminiferal assemblages. The
lowermost assemblage includes Turborotalia pomeroli,
T. cerroazulensis, Nummulites striatus, Discocyclina sp.,
Porticulasphaera semiinvoluta and Calcarina sp. of the
Porticulasphaera semiinvoluta Zone (=P15 Zone). From
the middle assemblage Nummulites fabianii, Pellatispira
glabra, P. inﬂata, P. crassicolumnata, P. orbitoidea,
Discocyclina dispansa, Operculina spp., Silvestriella
tetraedra, T. cocoaensis and T. cerroazulensis are
recovered. The upper assemblage yields T. cocoaensis,
T. cunialensis, T. increbescence, Globigerina ofﬁcinalis,
G. linaperta, Chiloguembelina cubensis, N. retiatus,
P. madaraszi, D. sowerbyi and D. javana. Both the middle
and the upper assemblages belong to the Turborotalia
cerroazulensis s. l. (sensu lato) Zone (=P17 Zone).
The uppermost part of the formation (part iv, 4.5 m) is
exposed to the south of Dinod village where it is made
up of calcarenite, mudstone, marl, marlite, foraminiferal
wackestone and coquina. Three successive foraminiferal
assemblages corresponding to three foraminiferal zones
are developed in this part. The lowermost assemblage
comprises Nummulites longilocula, N. pengaroensis,
N. chavannesi, N. initialis, N. retiatus, Chiloguembelina
aff. cubensis, Nonionella aff. pauciloba, Bolivina sp.,
Globigerina dinodensis and Turborotalia cambayensis
n. sp. and represents P17-P18 transition Zone of
MUKHOPADHYAY (2003a). The middle assemblage is
composed of Globigerina sellii, G. aff. angiporoides,
G. angustiumbilicata, G. corpulenta, Nummulites
stellatus,
Operculina
hanzawai,
Cassigerinella
chipolensis, Pseudohastigerina micra and Turborotalia
cambayensis n. sp. and it represents the Cassigerinella
chipolensis-Pseudohastigerina micra Zone (=P18 Zone).
The upper assemblage containing Cassigerinella sp.,
Pseudohastigerina barbadoensis, Globigerina aff.
angiporoides, G. sellii, Heterostegina assilinoides,
Nummulites bouillei, N. ﬁchteli, Operculinoides sp.,
Sphaerogypsina globulus, Nummulites chavannesi,
N. vasca, N. initialis, N. stellatus along with Turborotalia
cambayensis n. sp. and Turborotalia kotarduensis n. sp.
represents the “Turborotalia” ampliapertura Zone
(=P19 Zone). The Eocene-Oligocene boundary could be
delineated through the P17-P18 transition Zone. Below
the boundary there occurs keeled T. cunialensis having
umbilical-extraumbilical-peripheral aperture. Above
the boundary the P17-P18 Zone has yielded keeled
T. cambayensis n. sp. characterized by extraumbilicalperipheral aperture, followed in the younger zone by
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Fig. 1 : Geological map of Vagalkhod-Dinod area showing section lines (Ia, I, II & III) in the Middle Eocene-Early Oligocene Amravati Formation.
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Fig. 2 : Lithologs along section lines Ia, I, II & III and sample positions.
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keeled T. kotarduensis n. sp. with areal aperture. In
all the three forms the peripheral keel is perforated.
Thus, the sequence presents a unique record of gradual
morphological change in Turborotalia across the EoceneOligocene boundary.
MATERIAL AND METHODS
Systematic samples, each about 1 kg, at close intervals
were collected from measured sections (Fig. 2) of the
Amravati Formation around Vagalkhod (section Ia) and
Dinod-Kotardu areas (sections I, II & III). About 300 gm
of each sample was processed following standard
procedure and wet-screened through 40-240 µm.
About 3 gm dry residue of +150 µm fraction was
scanned under stereo-zoom binocular microscope for
planktonic foraminifera including Turborotalia. Picked
specimens of Turborotalia were studied under Scanning
Electron Microscope (SEM). The state of preservation
is not always satisfactory ; specimens from soft marls,
calcareous shales and moderately soft marlites are well
preserved, though a few of them could not be completely
freed from sediments. Specimens from samples close to
the Middle Eocene–Upper Eocene boundary are partly
eroded. On occasions some selected forms could not be
examined in all the three views. All the specimens used
in this study including the illustrated ones are registered
and preserved in the Micropalaeontology Laboratory
of Central Headquarters, Geological Survey of India,
Kolkata.
Turborotalia zones
The stratigraphic distribution of various species of the
Turborotalia cerroazulensis group (Figs 3a-3d) permitted
the recognition of Turborotalia vagalkhodensis Zone,
T. pomeroli Zone and T. pomeroli/T. cerroazulensis
Zone in the Middle Eocene, T. cerroazulensis Zone,
T. cocoaensis Zone and T. cunialensis Zone in the
Upper Eocene and Turborotalia cambayensis Zone and
Turborotalia kotarduensis Zone in the Early Oligocene
of the studied sequence.
Turborotalia vagalkhodensis Zone proposed
Deﬁnition : The range of T. vagalkhodensis n. sp.
between its ﬁrst occurrence in the sequence (base) and
the ﬁrst occurrence of T. pomeroli (top).
Remarks : This is the oldest Turborotalia zone in the
sequence in which the zonal index occurs in association
with T. frontosa, Globigerapsis beckmanni and
Truncorotaloides topilensis. With reference to standard
P Zones it is correlated with P13 Zone. The zonal index
appears to be a phyletic descendant of Turborotalia
possagnoensis TOUMARKINE & BOLLI, and, as such, the
zone appears to be younger than the T. possagnoensis
Zone. The best exposure of the lower part of the zone
is about 1.5 km due north of Vagalkhod village in the
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Amravati River section. The upper part of the zone
is developed in the canal section about 0.5 km west
of the village. It overlies a thin zone of arenaceous
foraminifera.
Turborotalia pomeroli Zone TOUMARKINE & BOLLI,
1970
Deﬁnition : The interval between the ﬁrst occurrence
of T. possagnoensis (base) and the ﬁrst occurrence of
T. cerroazulensis (top).
Remarks : In the studied sequence T. possagnoensis
has not been recovered. As a result, the ﬁrst appearance
of T. pomeroli is considered as the base of the zone
and the zone becomes equivalent to the partial range
of T. pomeroli. The base of the zone is further marked
by the last occurrence of Turborotalia vagalkhodensis
n. sp. The co-occurrence of T. frontosa and T. pomeroli
characterizes the lower part of this zone. The upper
part is distinguished by the sole presence of the zonal
index. The zone coeval with the upper part of P13 Zone
is exposed about 0.5 km west of Vagalkhod in a canal
section.
In contrast to other Turborotalia zones of the tropicalsubtropical regions this zone has been recognized in the
North Sea (GRADSTEIN et al., 1993).
Turborotalia pomeroli/Turborotalia cerroazulensis
Zone TOUMARKINE & BOLLI, 1970
Deﬁnition : Interval between the ﬁrst occurrence of
T. cerroazulensis (base) and the last occurrence of
Truncorotaloides rohri (top).
Remarks : In the studied sequence this interval is very
thin and is marked by the concurrent occurrences of
T. pomeroli and T. cerroazulensis and is characterized
by T. rohri. This zone, well exposed at about 8 km west
of Vagalkhod beside Vagalkhod-Dungri Highway, is
equivalent to T. rohri Zone (P14).
Turborotalia cerroazulensis Zone TOUMARKINE &
BOLLI, 1970
Deﬁnition : The interval between the last occurrence of
Truncorotaloides rohri (base) and the ﬁrst occurrence of
Turborotalia cocoaensis (top).
Remarks : This is the lowermost Turborotalia zone in
the Upper Eocene. Weathered forms of T. pomeroli and
T. cerroazulensis characterize the lower part of the zone,
and well-preserved T cerroazulensis with narrow rounded
axial periphery marks the upper part. About 8 km west of
Vagalkhod beside Vagalkhod-Dungri Highway the zone
is well exposed. Since the lower part of this zone yielded
P. semiinvoluta it may correspond the combined P15-P16
Zone.
Turborotalia cocoaensis Zone (BOLLI, 1957)
Deﬁnition : The interval between the ﬁrst occurrence
of T. cocoaensis (base) and the ﬁrst occurrence of
T. cunialensis (top).
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Fig. 3a : Stratigraphic distribution of Turborotalia spp. in lithosection Ia.

Remarks : This is the most widely developed zone in the
area characterized by the zonal index in association with
Hantkenina alabamensis. This zone covers the lower part
of the earlier recognized Turborotalia cerroazulensis s. l.
Zone (=P17 Zone, MUKHOPADHYAY, 1997).
Turborotalia cunialensis Zone TOUMARKINE & BOLLI,
1970
Deﬁnition : The interval between the ﬁrst (base) and last
(top) occurrences of T. cunialensis.

Remarks : This is the youngest zone in the Upper Eocene
characterized by the zonal index. This index, in spite of
having distinctive morphology, stratigraphic position,
chronostratigraphic signiﬁcance and wide occurrence, is
denied separate identity in the standard P Zones. The last
occurrence of the zonal index coincides almost with the
Eocene-Oligocene boundary. In the Dinod area the zone
constitutes the uppermost part of the earlier recognized
Turborotalia cerroazulensis s. l. Zone.
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Fig. 3b : Stratigraphic distribution of Turborotalia spp. in lithosection I.

Turborotalia cambayensis Zone proposed
Deﬁnition : The interval between the last occurrence
of T. cunialensis (base) and the ﬁrst occurrence of
Turborotalia kotarduensis (top).
Remarks : In an uninterrupted section across the
Eocene-Oligocene boundary around Dinod this is the
basal Turborotalia zone in the Lower Oligocene. It
corresponds with the combined P17-P18 transition Zone
and P18 Zone. The zone is best exposed about 0.5 km

south of Dinod village. The zone is characterized by
the co-occurrence of Cassigerinella chipolensis and
Pseudohastigerina micra.
Turborotalia kotarduensis Zone proposed
Deﬁnition : The interval between the ﬁrst occurrence
(base) and the last (top) occurrence of T. kotarduensis in
the sequence.
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Fig. 3c : Stratigraphic distribution of Turborotalia spp. in lithosection II.

Remarks : This is the youngest Turborotalia zone in
the sequence as well as in the Lower Oligocene of
the study area. Characterized by the zonal index and
Turborotalia ampliapertura this zone like its preceding
one is restricted to the Dinod-Kotardu area and has best
development in a section about 0.5 km south of Dinod. It
largely corresponds with P19 Zone.

SYSTEMATIC PALEONTOLOGY
The generic deﬁnition of Turborotalia (CUSHMAN &
BERMUDEZ, 1949) by LOEBLICH & TAPPAN (1988) is
followed with incorporation of variations in regard to
some character details.
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Fig. 3d : Stratigraphic distribution of Turborotalia spp. in lithosection III.

Order Foraminiferida EICHWALD, 1830
Family Globorotaliidae CUSHMAN, 1927
Genus Turborotalia CUSHMAN & BERMUDEZ, 1949
Type species : Globorotalia centralis CUSHMAN &
BERMUDEZ, 1937.
Remarks : CUSHMAN & BERMUDEZ (1949) regarded
Turborotalia as a subgenus of Globorotalia and
distinguished it as having no deﬁnite umbilicus, and
chambers increasing rapidly in thickness. LOEBLICH
& TAPPAN (1964) and JENKINS (1971) differentiated
Turborotalia from Globorotalia in its lack of a keel or
non-porous peripheral margin. The concept adopted
by STAINFORTH et al. (1975) is ʻalmost nonumbilicate
Globorotaliidsʼ. The genus in Cambay Basin largely
conforms to the description provided by LOEBLICH &
TAPPAN (1988) – trochospiral, globose-to- inﬂated,
closely coiled, chambers ovate, somewhat ﬂattened on
the slightly convex dorsal side, ventral side strongly
convex, periphery broadly rounded without a keel
or poreless margin, wall calcareous, ﬁnely perforate.
However, some generic characters as ʻumbilicus closedʼ,
ʻperiphery broadly roundedʼ. and ʻaperture a curved
low interiomarginal arch, extraumbilical-umbilical

with bordering lipʼ mentioned by them (LOEBLICH &
TAPPAN, 1988) show some diversiﬁcation in the Cambay
specimens. The Middle Eocene forms usually have small
umbilicus. The Upper Eocene and Lower Oligocene
forms may have narrow blunt-tipped perforate peripheral
band or keel and extraumbilical-peripheral aperture not
extending up to the umbilical area. The aperture in some
Lower Oligocene forms becomes areal.
Turborotalia frontosa (SUBBOTINA)
Pl. I, ﬁgs 1-7 ; Pl. III, ﬁg. 20
1953. Globigerina frontosa SUBBOTINA, p. 84, pl. 12, ﬁgs 3-7.
1957. Globigerina boweri BOLLI, p. 163, pl. 36, ﬁgs 1a-2b.
1970. Globigerina frontosa SUBBOTINA. – SAMANTA, p. 190,
pl. 1, ﬁgs 13-14.
1975. Globigerina frontosa SUBBOTINA. – STAINFORTH, LAMB,
LUTERBACHER, BEARD & JEFFORDS, p. 187-189, ﬁg. 51, 110.
1970. Globorotalia cerroazulensis frontosa SUBBOTINA. –
TOUMARKINE & BOLLI, p. 135, ﬁg. 2, 1a-c ; p. 139, pl. 1,
ﬁg.1-3.
1979. Turborotalia cerroazulensis frontosa SUBBOTINA. –
BENJAMINI & REISS, p. 140, pl. 2, ﬁgs 1-4.
2003. Turborotalia frontosa SUBBOTINA. – LI, JAMES & Mc
GOWRAN, p. 117, ﬁg. 3.7.
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Material. Seven out of sixteen specimens from
Globigerapsis beckmanni Zone in Vagalkhod-Amravati
section.
Remarks. With small trilobate test, low trochospire,
nearly ﬂat dorsal side, radial depressed weakly curved
septal sutures, nearly straight depressed radial ventral
sutures, broadly rounded periphery having slight break in
curvature between the dorsal and ventral surfaces of last
chamber, umbilical-extraumbilical low arched aperture at
the anteriorly projected part of the last chamber adjoining
small shallow umbilicus, and ﬁnely perforate test surface
the Cambay material agrees with the type material. The
last whorl contains 4-4.5 rapidly increasing chambers. A
little variation occurs in the shape of peripheral outline,
width of umbilicus, last chamber and ventral sutures.
Turborotalia frontosa differs from T. vagalkhodensis in
having lesser chambers in the last whorl, ﬂatter dorsal
surface and radially straight ventral sutures.
Distribution. In section line I the species ranges from
the Turborotalia vagalkhodensis Zone to the top of the
T. pomeroli Zone covering P13 (Middle Eocene) of the
lower two parts of the Amravati Formation.
Turborotalia vagalkhodensis n. sp.
Pl. I, ﬁgs 8-14 ; Pl. III, ﬁg. 21
Etymology : Named after Vagalkhod village in Bharuch
District, Gujarat, western India.
Holotype : Figured specimen Pl. I, ﬁgs 8-10, laboratory
registration no. T-4/95/P20/I.
Other material studied : Six out of twelve specimens
from Globigerapsis beckmanni Zone.
Type locality : About 1.5 km north of Vagalkhod in the
Amravati River section.
Type horizon : Sample no. 95 from the lower part (pt-i)
of the Amravati Formation.
Diagnosis : Small globigerine test, large number of
chambers in the last whorl, axial periphery perfectly
round, early spire lowly raised, radial ventral sutures
curved near periphery, umbilical-extraumbilical aperture
extends close to the periphery resulting partial visibility
in dorsal view.
Description : Test small, low trochospiral, outline
subcircular in dorsal view, subelliptical in peripheral
view ; dorsal side nearly ﬂat, ventral side strongly convex ;
trilobate in ventral view, peripheral margin round ; spire
tight comprising more than 3 whorls, early spire slightly
raised ; early whorls indistinct, 5 to 5.5 longer than high
chambers in last whorl markedly increase in size, last
chamber largest ; spiral suture faint in early part, septal
sutures slightly depressed radial ; sutures on the ventral
side radial depressed curved near periphery ; chambers
subglobose, umbilicus medium shallow ; aperture
interiomarginal, umbilical-extraumbilical arch extending
close to the periphery, bordered with narrow lip ; part of
arched aperture sometimes visible in slightly oblique
dorsal view ; surface uniformly ﬁnely perforate.

Remarks : A little variation occurs in peripheral outline,
number of chambers and spiral suture in the last whorl,
shape and size of last chamber, and width of umbilicus.
Turborotalia vagalkhodensis n. sp. differs from
T. frontosa in having more chambers in the last whorl,
more acute rise in early spire, globose last chamber,
more round peripheral margin and wider aperture. In
certain aspects including distinct rise in early spire,
radially depressed sutures on umbilical side, trilobate
outline, tight spire and broadly rounded peripheral
margin of the last chamber T. vagalkhodensis resembles
T. possagnoensis TOUMARKINE & BOLLI (1970, p. 139140, pl. I, ﬁgs 4-9) but differ in having more chambers
in the last whorl, more globose last chamber and wider
aperture extending close to periphery. It appears that
the former evolved from the latter during G. beckmanni
Zone by increasing number of chambers, sphericity of
last chamber and acquiring acute early spire.
Distribution : In section line Ia this species is restricted
to the T. vagalkhodensis Zone (P13, Middle Eocene)
covering parts i and ii of the Amravati Formation.
Turborotalia pomeroli (TOUMARKINE & BOLLI)
Pl. I, ﬁg. 15-20, 21, 22
1970. Globorotalia cerroazulensis pomeroli TOUMARKINE &
BOLLI, p. 135, ﬁgs 2, 3a-c ; p. 140-144, pl. 1, ﬁgs 1018.
1972. Globorotalia cerroazulensis pomeroli TOUMARKINE &
BOLLI. – CAMPREDON & TOUMARKINE, p. 140, pl. 1, ﬁgs
7-9.
1975. Globorotalia cerroazulensis pomeroli TOUMARKINE &
BOLLI. – STAINFORTH, LAMB, LUTERBACHER, BEARD &
JEFFORDS, p. 259-261, ﬁg. 109, 1-10.
1979. Turborotalia cerroazulensis pomeroli TOUMARKINE &
BOLLI. – BENJAMINI & REISS, p. 140, pl. 2, ﬁgs 7-8.
1994. Turborotalia pomeroli TOUMARKINE & BOLLI. –
GRADSTEIN, KAMINSKI, BERGGREN, KRISTIANSEN &
DʼLORIO, p. 115, pl. 19, ﬁgs 1-2.
1995. Turborotalia cerroazulensis pomeroli TOUMARKINE &
BOLLI. – ANAN, p. 8, pl. 1, ﬁg. 8.
1995. Turborotalia pomeroli TOUMARKINE & BOLLI. – HAGGAG
& LUTERBACHER, p. 42, pl. 1, ﬁgs 1-4.
2003. Turborotalia pomeroli TOUMARKINE & BOLLI. – LI, JAMES
& McGOWRAN, p. 117, ﬁg. 3.3.

Material : Seven specimens from G. beckmanni Zone,
and 3 each from Truncorotaloides rohri Zone and
Porticulasphaera semiinvoluta Zone.
Remarks : Turborotalia pomeroli (TOUMARKINE & BOLLI)
is distinguished by low trochospiral medium test, tight
spire, four lobes in ventral view, weak polar rise, strongly
convex ventral side, depressed sutures, four subglobose
longer than high chambers increasing rapidly in last
whorl, round peripheral margin with a ʻpseudo-shoulderʼ,
umbilical-extraumbilical arched aperture at the anteriorly
projected part of the last chamber adjoining umbilicus,
sutures slightly wide on ventral side, small subcircular
deep umbilicus and coarse perforations. A little variation
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occurs in the peripheral outline, tightness of spire, early
spire, shape of test in side view, width of umbilicus and
shape of last chamber. Umbilicus is often covered with a
plate like structure. The Middle Eocene forms in Cambay
Basin have close resemblance with the holotype, but
differ in having wider umbilicus, deeper sutures, stronger
peripheral lobes and coarser perforations.
This species has wider geographic spread among the
members of the T. cerroazulensis group covering
the North Sea (GRADSTEIN et al., 1993). HAGGAG &
LUTERBACHER (1995) noted this species to evolve to
T. pseudoampliapertura nukhulensis during Middle
Eocene.
Distribution : In section line Ia the species appears at
the base of T. pomeroli Zone (P 13, Middle Eocene) and
continues into the upper part of T. cerroazulensis Zone
(P15/P16, Upper Eocene).
Turborotalia cerroazulensis (COLE)
Pl. I, ﬁgs 23-25, 26 ; Pl. II, ﬁgs 1-7
1928.
1937.
1949.
1961.
1969.
1970.
1972.
1975.
1979.
1988.
1995.
2003.

Globigerina cerro-azulensis COLE, p. 217, pl. 1, ﬁgs
11-13.
Globorotalia centralis CUSHMAN & BERMUDEZ, p. 26,
pl. 2, ﬁgs 62-65.
Globorotalia (Turborotalia) centralis CUSHMAN &
BERMUDEZ. – CUSHMAN & BERMUDEZ, p. 44-45, pl. 8,
ﬁgs 19-21.
Turborotalia cerroazulensis COLE. – BERMUDEZ, p.
1319-1322, pl. 17, ﬁgs 8-9
Globorotalia centralis CUSHMAN & BERMUDEZ. –
SAMANTA, p. 333, pl. 2, ﬁgs 2a-c.
Globorotalia cerroazulensis cerroazulensis COLE. –
TOUMARKINE & BOLLI, p. 135, ﬁg. 4a-c ; p. 144, pl. 1,
ﬁgs 19-24 ; pl. 2, ﬁgs 4, 20-22, 23-25.
Globorotalia cerroazulensis cerroazulensis COLE. –
CAMPREDON & TOUMARKINE, p. 140, pl. 2, ﬁgs 4-6.
Globorotalia cerroazulensis cerroazulensis COLE. –
STAINFORTH, LAMB, LUTERBACHER, BEARD & JEFFORDS, p.
256-258, ﬁg. 107, 1-13.
Turborotalia cerroazulensis cerroazulensis COLE. –
BENJAMINI & REISS, p. 140, pl. 2, ﬁg. 19.
Turborotalia cerroazulensis COLE. – LOEBLICH &
TAPPAN, p. 136 (II), pl. 519, ﬁgs 10-12.
Turborotalia cerroazulensis cerroazulensis COLE. –
ANAN, p. 8, pl. 1, ﬁg. 7.
Turborotalia cerroazulensis COLE. – LI, JAMES & Mc
GOWRAN, p. 117, ﬁg. 3.15.

Material : A total of 23 out of 49 picked specimens ;
3 from Truncorotaloides rohri Zone and 2 from
Porticulasphaera semiinvoluta Zone of VagalkhodAmravati section ; 13 from T. cerroazulensis Zone and 5
from the lower part of the T. cocoaensis Zone of DinodKotardu section.
Remarks : The species is characterized by nearly planoconvex to unequally biconvex medium to large test, tight
spire, 4 rapidly enlarging longer than high chambers
in the last whorl, bluntly rounded peripheral shoulder
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between the ﬂattened dorsal surface and strongly inﬂated
ventral surface of the last chamber, recurved septal
sutures on the dorsal side, radial depressed sutures on the
ventral side and interiomarginal umbilical-extraumbilical
to peripheral low gently curved aperture. A little variation
occurs in the peripheral shoulder, number of chambers (45) in the last whorl, shape of the last chamber, covering
of the umbilicus by the anterior part of the last chamber
and convexity of the dorsal side. The forms from the
upper part of the Middle Eocene and the lower part of the
Upper Eocene have small umbilicus and raised peripheral
shoulder. The younger forms have weakly convex dorsal
surface and concealed umbilicus. Specimens from the
lower part of the overlying Turborotalia cocoaensis Zone
may have strong peripheral shoulder. The species differs
from T. cocoaensis in the lack of an acute peripheral
shoulder.
Distribution : This species has been recovered from
sl Ia, I and II. In section Ia the older forms occur in
the T. cerroazulensis-T. pomeroli Zone (P14, Middle
Eocene). The younger forms are common in P17 Zone in
sl I ; in sl II it ranges till to the end of the T. cocoaensis
Zone (P17, Upper Eocene).
Turborotalia cocoaensis (CUSHMAN)
Pl. II, ﬁgs 8-13
1928.
1957.
1969.
1969.
1970.
1972.
1975.
1995.
1997.
2002.

Globorotalia cocoaensis CUSHMAN, p. 75, pl. 10. ﬁgs
3a-c.
Globorotalia cocoaensis CUSHMAN. – BOLLI, p. 169, pl.
3, ﬁgs 5a-7b.
Globorotalia cerroazulensis COLE. – BLOW, p. 347, pl.
36, ﬁgs 3-4.
Globorotalia cerroazulensis COLE. – SAMANTA, p. 334334, pl. 2, ﬁgs 1a-c.
Globorotalia cerroazulensis cocoaensis CUSHMAN. –
TOUMARKINE & BOLLI, p. 135, ﬁgs 2.5a-c, p. 144, pl. 1,
ﬁgs 28-33.
Globorotalia cerroazulensis cocoaensis CUSHMAN. –
CAMPREDON & TOUMARKINE, p. 140, pl. 2, ﬁgs 1-3.
Globorotalia cerroazulensis cocoaensis CUSHMAN. –
STAINFORTH, LAMB, LUTERBACHER, BEARD & JEFFORDS,
p. 258, ﬁgs 108.1-9.
Turborotalia cerroazulensis cocoaensis CUSHMAN. –
ANAN, p. 8, pl. 1, ﬁg.2.
Turborotalia cerroazulensis cocoaensis CUSHMAN. –
QUILTY, p. 659, ﬁg. 4, p, q.
Turborotalia cocoaensis CUSHMAN. – ABDELGHAMY, p.
214, pl. 1, ﬁgs 1-2.

Material : A total of 18 out of 41 picked specimens ;
fourteen from T. cocoaensis Zone and the rest from
T. cunialensis Zone.
Remarks : With almost plano-convex to unequally
biconvex smooth medium test, weakly lobed to entire
peripheral outline, acute peripheral margin between
the ﬂat dorsal side and the strongly convex ventral side
and a rapid increase in the size of four ventrally inﬂated
chambers in the last whorl T. cocoaensis is distinct in
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Turborotalia cambayensis n. sp.
Pl. III, ﬁgs 1-3, 4, 6-9, 14, 17, 18

Holotype : Figured specimen Pl. III, ﬁgs 1-3, Laboratory
registration no T-12/98/P20/I.
Other material studied : Seven specimens from sl I, 17
from sl. II and three from sl III.
Type locality : About 0.5 km south of Dinod village in
Surat District.
Type Horizon : Marlite (s. no. 43, sl.II) from the upper
part (P17-P18 Zone, Eocene-Oligocene transition strata)
of the Amravati Formation.
Diagnosis : Almost plano-convex compressed test, entire
peripheral outline, strongly perforate peripheral keel,
faint dorsal sutures, interiomarginal extraumbilicalperipheral small aperture and secondary sutural ﬁssures
on the ventral side.
Description : Test medium, low trochospiral, lenticular,
nearly plano-convex, dorsal side nearly ﬂat, ventral side
strongly convex resembling ʻvʼ shape ; peripheral outline
subcircular in dorsal view, entire non-lobate ; peripheral
margin acute blunt tipped, with a porous keel all along the
margin ; early spire indistinct ; 4 rapidly enlarging longer
than high chambers in the last whorl, spiral and septal
sutures faint ; in peripheral view the shoulder of last
chamber between its dorsal and ventral surfaces acute,
umbilicus closed ; on the ventral side sutures fairly wide,
early sutures indistinct to radial, later strongly curved ;
aperture interiomarginal, extraumbilical-peripheral small
arch ; structures resembling thin ﬁssures appear along
the ventral sutures. Surface ﬁnely perforate, perforations
ﬁner and less dense on the peripheral band ; very ﬁne
pore-like structure on the ventral sutures.
Remarks : A little variation is recorded in the shape of test,
aperture and perforation. Turborotalia cambayensis n. sp.
was originally recognized as Turborotalia sp. A and was
differentiated from the resembling T. cunialensis mainly
on the basis of its apertural aspects. After observing wide
variation in the aperture in T. sp. A assemblage, forms
having interiomarginal extraumbilical-peripheral thin
aperture are distinguished as Turborotalia cambayensis
n. sp. It resembles T. cunialensis in subtriangular shape
in side view, acute and keeled peripheral margin and
faint dorsal sutures. However, in T. cambayensis the
small aperture never extends up to the umbilical part
and its peripheral band appears thicker. The two forms
occur almost successively in sections I & II. Other
morphological features remaining almost same in the
two forms a phyletic link in between is surmised with a
shift in the apertural position.
Distribution : In sl. I & II this species ﬁrst appears towards
the upper part of the T. cunialensis Zone (P17, Upper
Eocene) and ranges in the overlying T. cambayensis Zone
(P17-P18 to P18, Early Oligocene) and T. kotarduensis
Zone (P 19, Early Oligocene).

2003a. Turborotalia sp. A MUKHOPADHYAY, pl. 5, ﬁgs 2-5 (non
pl. 5, ﬁg. 1a-c).

Turborotalia kotarduensis n. sp.
Pl. II, ﬁg. 21 ; Pl. III, ﬁgs 10-13, 15, 16, 19.

Etymology : After Cambay (Khambhat) in Bhavnagar
District, Gujarat, India.

2003a. Turborotalia sp. A MUKHOPADHYAY, pl. 5, ﬁgs 1ac (non pl. 5, ﬁgs 2-5).

the Cambay assemblage. It has umbilical-extraumbilical
to peripheral arched large aperture and weakly curved
to sigmoidal radial sutures on the ventral side. The last
chamber may be smaller than the penultimate one. A little
variation occurs in the number of chambers (4-5.5) in the
last whorl, peripheral margin, shape of last chamber and
aperture. From T. cunialensis it differs in the absence of
a keeled periphery.
Distribution. In sl I and II this species appears at the
base of the T. cocoaensis Zone (P17, Upper Eocene)
and continues till to the top of the T. cunialensis Zone
(P17, Upper Eocene). Its extinction level is considered to
coincide with the top of P17 Zone (MOLINA et al., 1993).
Turborotalia cunialensis (TOUMARKINE & BOLLI)
Pl. II, ﬁgs 14-18
1970.

Globorotalia cerroazulensis cunialensis TOUMARKINE
& BOLLI, p. 144-145, figs 2, 6a-c ; pl. 1, figs 37-39 ;
pl. 2, ﬁgs 10, 26.
1972. Globorotalia cerroazulensis cunialensis TOUMARKINE
& BOLLI. – CAMPREDON & TOUMARKINE, p. 141, pl. 2,
ﬁg. 10.
1986. Turborotalia cunialensis TOUMARKINE & BOLLI. –
MOLINA, MONACO, NOCCHI & PARISI, p. 84, pl. 2, ﬁg. 1.
1995. Turborotalia cerroazulensis cunialensis TOUMARKINE
& BOLLI. – ANAN, p. 8, pl. 1, ﬁg. 1.
2002. Turborotalia cunialensis TOUMARKINE & BOLLI.
– ABDELGHAMY, p. 214, pl. 1, ﬁgs 3-4.
2003a. Turborotalia cerroazulensis cunialensis TOUMARKINE
& BOLLI. – MUKHOPADHYAY, pl. 1, ﬁgs 2, 4.

Material : Eighteen out of twenty picked specimens
from T. cunialensis Zone.
Remarks : Nearly plano-convex lenticular smooth glossy
tests of T. cunialensis are characterized by peripherally
keeled margin and interiomarginal umbilicalextraumbilical to peripheral aperture. Variation recorded
in the compression, peripheral outline, ventral sutures
and density of perforations in the keel. Sutural ʻgrooveʼ
often appears in some forms. The holotype (TOUMARKINE
& BOLLI, 1970, pl. 1, ﬁg. 37) has better peripheral lobes
and sutures on the dorsal side. It differs from Turborotalia
cambayensis n. sp. in the character of aperture.
Distribution. In sl I and II it is restricted in T. cunialensis
Zone (P17, Upper Eocene). The last occurrence of this
species coincides with the top of P17 Zone (MOLINA et
al., 1993 ; MUKHOPADHYAY, 2003a).
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Etymology : After Kotardu nala, 1.5 km east of Dinod
village in Surat District.
Holotype : Figured specimen Pl. III, ﬁgs 9-12,
Laboratory registration no T-25/55/98/II.
Other material studied : Six specimens from sl. II and
two from sl. I.
Type-Locality : About 0.5 km south of Dinod village.
Type horizon : Sample number 53 in section line II,
from yellow marl towards the upper part (pt-iv) of the
Amravati Formation.
Diagnosis : Unequally biconvex low trochospiral test,
acute peripheral margin with thick perforate peripheral
band, last chamber smaller than the penultimate one,
sutures curved on ventral side, areal aperture on the
ventral surface of the last chamber, surface coarsely
perforated.
Description : Test medium, peripheral outline
subcircular, weakly lobed, subtriangular in side view ;
dorsal side weakly convex, ventral strongly convex
resembling asymmetric ʻvʼ with round apex ; peripheral
margin acute with round tip ; a thick perforate keel all
along peripheral margin ; spire tight comprising more
than 2.5 whorls, early spire indistinct weakly raised, last
whorl with four longer than high chambers markedly
increasing till the penultimate one, last chamber smaller
than the penultimate one ; spiral suture in later part
shallow ; septal sutures in last whorl radial nearly straight
occurring almost at the level of chamber surface. In
peripheral view the peripheral angle between dorsal and
ventral sides is acute in the early part of the last whorl,
gradually increasing with growth. On the ventral side
early sutures indistinct, later sutures faint curved except
for the basal suture of last chamber, which is nearly
straight ; sutures occurring almost at the level of the
chamber surfaces ; umbilicus closed. Aperture areal, an
elongate opening on the ventral side of the last chamber
in between its anterior part and the periphery, and
oriented almost parallel to the basal suture, subelliptical
in peripheral view, bordered by a raised perforated wall,
subcircular in ventral view ; surface coarsely perforated ;
sutures, peripheral margin and wall of the aperture with
sparse coarse perforations ; pores vary in size and shape.
Remarks : Turborotalia kotarduensis n. sp. is the
youngest keeled Turborotalia in the studied sequence. A
little variation in it occurs in peripheral outline, sutures
and perforations. This species resembles T. cunialensis
and T. cambayensis in overall morphological characters
including shape of test, smaller size of last chamber,
strong peripheral keel and lack of umbilicus. However,
in aerial aperture, large perforations throughout the
test, indistinct ventral sutures and almost uniformly
thick peripheral margin T. kotarduensis is distinct. The
ﬁne pore-like structures in the sutures and the arched
peripheral aperture of T. cambayensis appear to have
been replaced by coarse perforations and aerial aperture
in T. kotarduensis to suggest a phyletic relationship in
between.
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Distribution : Turborotalia kotarduensis is restricted to
the Turborotalia kotarduensis Zone (P18 Zone to P19,
Early Oligocene) in sl I & II.
MORPHOLOGICAL CHANGES WITHIN THE T.
CERROAZULENSIS GROUP
TOUMARKINE & BOLLI (1970) and PEARSON (1993)
discussed the evolution of peripherally keeled forms
from non-keeled ones in the T. cerroazulensis group.
BENJAMINI & REISS (1979) showed changes in the
perforations and wall structure in T. frontosa-T. pomeroliT. cerroazulensis. HAGGAG & LUTERBACHER (1995)
proposed the evolution of T. pseudoampliapertura
lineage from T. pomeroli in the Middle Eocene. In
Cambay Basin the Middle Eocene to Lower Oligocene
succession is continuous so far as the Turborotalia zones
are concerned. The successive zonal representatives
exhibit changes in almost all the morphological features
as seen in dorsal, peripheral and ventral views (Fig. 4).
Conspicuous morphological transitions in peripheral
view include acquiring subconical smooth test from an
initial subelliptical globigerine one, lowering inﬂation
of dorsal surface of the last chamber to become almost
ﬂat, ventral side proﬁle of the last chamber changing
from curved to straight, peripheral margin becoming
acute from an initial broadly rounded one with gradual
reduction of the peripheral angle between the dorsal
and the ventral sides, peripheral shoulder becoming
keeled from an bluntly rounded one, reduction in the
width of umbilicus to become nonumbilicate, anterior
part of the last chamber becoming narrow from a wide
one and extending to gradually cover the umbilicus,
interiomarginal umbilical-extraumbilical arched aperture
gradually extending towards periphery, leaving the
umbilical area to become extraumbilical-peripheral and
ﬁnally leaving the interiomarginal position to become
aerial, and sutures getting elevated to the level of the
chamber surface. Notable changes in the dorsal view
include acquiring entire periphery by reducing peripheral
notches, gradual loosing of prominence of dorsal sutures,
longer than high chambers of the last whorl gradually
becoming still more short and longer, and developing
pores along sutures. In the ventral side changes lead to
acquire entire peripheral outline from an initial lobed one,
smoothening test surface by reducing sutural depressions
and obscuring ventral sutures, nearly straight initial
radial sutures becoming sigmoid and strongly curved,
initial umbilicate forms becoming nonumbilicate, and
changing the apertural position from an initial umbilicalextraumbilical to aerial. While a majority of the changes
show a progressive trend, some also show a reverse
trend after certain progression. Occasionally wide and
deep ventral sutures in T. pomeroli become thin and
shallow in the successive zonal indices, and then wide
again in T. cambayensis n. sp. ; planar dorsal side of the
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Fig. 4 : Diagrammatic representation showing morphological changes in Turborotalia cerroazulensis group in the Turborotalia zones
of the Middle Eocene-Early Oligocene sequence in Cambay Basin, Gujarat. The specimens ﬁgured here in dorsal, peripheral
and ventral views are also illustrated in Plates I, II & III and mentioned in parentheses.
Figs 1-3 : Turborotalia frontosa (SUBBOTINA), s. no. (sample number) 98, sl. (section line) Ia, (Pl. I, ﬁgs 1-3) ; ﬁgs 4-6 :
Turborotalia vagalkhodensis n. sp., s. no. 95, sl. I, (Pl. I, ﬁgs 8-10) ; ﬁgs 7-9 : Turborotalia pomeroli (TOUMARKINE & BOLLI),
s. no. 100, sl. I, (Pl. I, ﬁgs 15-17) ; ﬁgs 10-12 : Turborotalia cerroazulensis (COLE), s. no. 104a, sl-I, (Pl. I, ﬁgs 23-25) ; ﬁgs
13-15 : Turborotalia cerroazulensis (COLE), s. no. 68, between sl. I & II, (Pl. II, ﬁgs 2-4) ; ﬁgs 16-18 : Turborotalia cocoaensis
(CUSHMAN), s. no. 35 & 40, sl. II, (Pl. II, ﬁgs 8, 12, 11), ﬁgs 19-21 : Turborotalia cunialensis (TOUMARKINE & BOLLI), s. no. 73,
between sl. I & II, (Pl. II, ﬁgs 14-16) ; ﬁgs 22-24 : Turborotalia cambayensis n. sp., s. no. 43, sl. II, (Pl. III, ﬁgs 6-8) ; ﬁgs 25-27 :
Turborotalia cambayensis n. sp., s. no. 59, sl. III, (Pl. III, ﬁgs 18, 14, 17) ; ﬁgs 28-30 : Turborotalia kotarduensis n. sp., s. no.
53, sl. II, (Pl. III, ﬁgs 10-12).
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Middle Eocene forms becoming convex in the early
Upper Eocene forms and then ﬂattened in the younger
ones to ultimately becoming convex in the Lower
Oligocene forms ; similarly, the abrupt appearance of
subacute peripheral shoulder in the Middle Eocene
T. cerroazulensis and reappearance of coarse perforation,
similar to that of T. pomeroli, in T. kotarduensis document
reverse trends in the progressive evolution of the group.
The phylogenetic relationship between successive zonal
indices can be discerned from the gradual modiﬁcation of
common morphological features, presence of occasional
transitional forms and rare cases of recapitulation
as shown by the apparent globigerine chambers of
adult T. frontosa in the juvenile stage of T. pomeroli,
T. cerroazulensis and T. cocoaensis and bluntly rounded
periphery of adult T. cerroazulensis appearing as thick
early spiral suture in T. kotarduensis n. sp.
FURTHER EVOLUTION OF T. CUNIALENSIS
The Turborotalia cerroazulensis lineage shows a
distinctive phase of evolutionary development in the
Upper Eocene-Lower Oligocene strata when acutemargined lenticular forms with conspicuous peripheral
keel are developed. The keeled forms, viz., T. cunialensis,
T. cambayensis and T. kotarduensis appear successively
in the upsequence. They have overall resemblance in
test morphology but differ mainly in the aperture. The
interiomarginal umbilical-extraumbilical to nearly
peripheral large aperture occurs in T. cunialensis. In
the succeeding T. cambayensis the aperture becomes
interiomarginal extraumbilical-peripheral with much
reduced size and it does not extend up to the umbilical
part. The process of shifting the position and changing size
of aperture further continues. Forms with almost closed
aperture have also been recovered. In T. kotarduensis
the aperture leaves the interiomarginal position to shift
above the basal suture to become aerial. The gradual
change through transitional forms suggests that the
three constitute a lineage across the Eocene-Oligocene
boundary. This transformation accompanies development
of secondary sutural ﬁssures in T. cambayensis and
coarse perforations in T. kotarduensis. Thus in Cambay
Basin the T. cerroazulensis group comprises T. frontosa,
T. vagalkhodensis, T. pomeroli, T. cerroazulensis,
T. cocoaensis, T. cunialensis, T. cambayensis and T.
kotarduensis which constitute a continuous evolutionary
series.
DISCUSSION
Turborotalia occurring over its whole stratigraphic range
is found only in rare Paleogene sections in the world. In
the Paleogene sequence of Cambay Basin its appearance
is slightly late in the Middle Eocene compared to
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the global standard but the genus shows more or less
complete development with morphological transition and
diversiﬁcation. Of the two groups, the T. cerroazulensis
group and T. ampliapertura group, occurring in the
succession the former group is more completely
developed constituting an evolutionary series and having
an extended stratigraphic range. In no other section of
the world the group shows such an extended range up
to the Lower Oligocene. The members of this group
are characterized by smooth test surface with normal
perforation, unlike the cancellate and pin-holed surface
texture of Subbotina. Consequently, the development of
the group from the latter as propagated by TOUMARKINE
& BOLLI (1970), TOUMARKINE (1975), TOUMARKINE &
LUTERBACHER (1985) is not documented here. BLOW
(1979), BENJAMINI & REISS (1979) and PEARSON (1993) also
have reservations to accept Subbotina as the predecessor.
However, in the absence of older forms the predecessor
could not be traced. The morphological change in the
Middle Eocene forms is not as conspicuous as in the
Upper Eocene forms. Nevertheless their presence denote
distinct datum. LI et al. (2003) dated the occurrences
of T. pomeroli, T. frontosa and T. cerroazulensis as
42.3, 39.3 and 33.8 Ma respectively. These data may
be useful in case of Cambay Basin provided the exact
stages of evolutionary developments of the forms
in the studied sequence are properly identiﬁed. The
appearance of Turborotalia cerroazulensis with slightly
raised shoulder coincides with the Middle EoceneUpper Eocene boundary. Subsequently, the shoulder
changed progressively to become acute and keeled.
The concomitant morphological changes permitted a
threefold subdivision of the Upper Eocene host strata.
The zonal indices constitute a lineage that does not end
with the Eocene–Oligocene boundary but continues
across it. Paleontologically continuous sequence across
the boundary reported from Messignano, Italy, Torre
Caldera, Spain and Site 94 in Gulf of Mexico (MOLINA
et al., 1993), and Great Australian Bight (LI et al., 2003),
however, did not yield morphologically advanced forms
of the T. cerroazulensis group from strata lying above the
last occurrence level of T. cocoaensis and T. cunialensis.
The Upper Eocene Turborotalia are widely spread over
the tropical-subtropical regions of the world. Even they
invaded the high latitudes as documented with the recovery
of T. pomeroli from the North Sea areas (GRADSTEIN et al.,
1993). The restricted occurrence of the new Turborotalia
species in the Lower Oligocene, however, needs
explanation notwithstanding the limited occurrences of
Lower Oligocene strata. The morphological transition
in the genus involves change from a simple globigerine
test to a ﬂattened lenticular test often with a specialized
peripheral margin marked with perforate keel. This
evolutionary trend of planktonic foraminifera, however,
recurs in geologic history, and has been seen, among
others, in the praehedbergellids (Lower Cretaceous,
BOUDAGHER-FADEL et al., 1997), globotruncanids (Upper
Cretaceous, GANDOLFI, 1955 ; ROBASZYNSKI et al., 1984),
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morozovellids (Early Paleogene, CIFELLI, 1969) and
Turborotalia (Middle Eocene-Upper Eocene, TOUMARKINE
& BOLLI, 1970). The young representatives of Turborotalia
from the Lower Oligocene further support this trend.
Such specialization along with the removal of surface
irregularities, development of accessory ﬁssures along
thick ventral sutures and shifting of the primary aperture
may indicate a change in the body-plan that was perhaps
required with the changing environment that took place
during the Lower Oligocene (MUKHOPADHYAY, 2003a).
The test was designed perhaps for a pseudo-nektonic
habit. The evolution of cosmopolitan T. cunialensis to
more restricted T. cambayensis to ﬁnally geographically
conﬁned T. kotarduensis suggests a concomitant change
of the habitat. The overall falling of sea level during
the Eocene–Oligocene transition (HAQ et al., 1988)
with occasional transgressions might have compelled
the forms to change their morphology to cope with the
changing environment.
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Plate I
All magniﬁcations are approximate
Figs 1-14 :

Magniﬁcation is x150 ; ﬁgs 15-26 magniﬁcation is x180.
Figs 1-7 : Turborotalia frontosa (SUBBOTINA), Middle Eocene. 1-3 : dorsal, peripheral, ventral views,
s. no. 98, sl. Ia. 4-6 ; dorsal, peripheral, ventral views, s. no. 95, sl. Ia. 7 : ventral view with variation
in last chamber, s. no. 98.
Figs 8-14 : Turborotalia vagalkhodensis n. sp., Middle Eocene ; 8-10 : holotype, dorsal, peripheral,
oblique ventral views, s. no. 95, laboratory registration no.T-4/95/P20/I, sl. I. 11-13 : dorsal, oblique
peripheral, ventral views, s. no. 95. 14 : ventral view (with extraneous material), s. no. 98, sl. I.
Figs 15-20, 21-22 : Turborotalia pomeroli (TOUMARKINE & BOLLI), Middle-Upper Eocene ; 15-17 : dorsal, peripheral,
ventral views, s. no. 100, sl. I. 18-20 : dorsal, peripheral, ventral views, s. no. 101, sl. I. 21, 22 : dorsal
and peripheral views, s. no. 104a, sl. I.
Figs 23-25, 26 :
Turborotalia cerroazulensis (COLE), lower part of Upper Eocene ; 23-25. dorsal, peripheral,
ventral views, 26. dorsal view ; s. no. 104a, sl. I. ; signature of partial decay is retained in both the
specimens.
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Plate II
All magniﬁcations are approximate
Figs 1-7 :

Turborotalia cerroazulensis (COLE), Middle-Upper Eocene ; 1 : dorsal view, x250, s. no. 102, sl. I, Middle
Eocene. 2-4 : dorsal, peripheral, ventral views, x250, s. no. 68 ; the specimen is from a location in between
sl. I & II, Upper Eocene. 5 : peripheral view. 6-7 : dorsal, ventral (partly deducted due to covering by glue)
views, x180, s. no. 71, between sl. I & II, Upper Eocene. The forms (5-7) are transitional between T.
cerroazulensis (COLE) and Turborotalia cocoaensis (CUSHMAN).
Figs 8-13 : Turborotalia cocoaensis (CUSHMAN), Upper Eocene ; 8, 9 : dorsal & oblique peripheral views (x250) showing
globigerine early part. 10 : peripheral view, x250, s. no. 35, sl. II. 11 & 12 : ventral (x250) & peripheral
(x270) views, s. no. 40, sl. II, aperture ﬂaring towards periphery. 13 : peripheral view, x250, s. no. 40, sl-II,
aperture tapering towards periphery.
Figs 14-18 : Turborotalia cunialensis (TOUMARKINE & BOLLI), Upper Eocene ; 14 : dorsal (x250). 15 : peripheral (x280).
16 : ventral (x250) views, s. no. 73, between sl. I & II. 17-18 : oblique peripheral, & ventral views, x316, s.
no. 15, sl. I.
Figs 19, 20 : Transitional form between T. cocoaensis (CUSHMAN) and T. cunialensis (TOUMARKINE & BOLLI) ; Upper
Eocene. 19 : oblique dorsal view, x180, s. no. 72, sl. II. 20 : dorsal view, x180, s. no. 40, sl. II ; carinate forms
showing early stage in polar area.
Fig. 21 :
Turborotalia kotarduensis n. sp., dorsal view showing thick spiral suture in early part, x180, s. no. 53, sl. II,
Early Oligocene.
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Plate-III
All magniﬁcations are approximate
Figs 1-3, 4, 6-9, 14, 17 & 18 : Turborotalia cambayensis n.sp., 1-3 : holotype ; dorsal (x265), peripheral (x265), ventral
(x230) views, s. no. 43, sl. II, Eocene-Oligocene transition, Laboratory registration no
T-12/98/P20/I. 4. oblique dorsal view (x265), s. no. 55, sl. II ; Early Oligocene ; the
dorsal surface is smoother than that of the holotype. 6 : dorsal view (x250) with a few
coarse perforation. 7 : peripheral view (x250) showing strong carina and ʻhair-thinʼ
curved aperture. 8 : ventral view (x230) with strongly curved suture. 9 : peripheral view
(x220) showing youngest suture on the dorsal side, s. no. 43, sl. II ; Eocene-Oligocene
transition. 14, 17 & 18 : peripheral ; ventral & dorsal views ; x180, s. no. 59, sl. III, with
extraumbilical-peripheral small aperture ; Eocene-Oligocene transition.
Fig. 5 :
Transitional form, peripheral view (x230) of the specimen Pl. II, ﬁg. 19 ; the periphery is
acute but lacking in a distinct keel.
Figs 10-13, 15, 16 & 19 :
Turborotalia kotarduensis n. sp. ; 10-13 : holotype, dorsal view with densely developed
coarse pores, peripheral view with thick strong keel & ventral view with areal aperture.
13 : enlarged peripheral view (x400), showing ﬁne to coarse pores on the keeled peripheral
margin ; x230, s. no. 53, sl. II Laboratory registration no T-25/55/98/II, Early Oligocene.
15 : dorsal view, x230, s. no. 55, sl. II with less pores. 16 : oblique peripheral view, x250, s.
no. 53, sl. II, showing characteristic aperture. 19 : dorsal view without a peripheral notch ;
x230, s. no. 55, sl. II, Early Oligocene.
Fig. 20 :
Turborotalia frontosa (SUBBOTINA), x250, s.no.95, sl. Ia ; the aperture is closely umbilical
in position, Middle Eocene.
Fig. 21 :
Turborotalia vagalkhodensis n. sp., x250, s. no. 98, sl. Ia, with distinctly raised early part,
Middle Eocene.
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