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Abstract: This contribution presents an ammonite age constrained benthic foraminiferal dataset
based on a study of 77 samples spanning from Bajocian to Early Tithonian from Jaisalmer (Western
India). Species distribution and diversity are documented and changes therein are interpreted in terms
of inferred bathymetry, shifts in sea level and paleoenvironment. The similarity and dissimilarity of
benthic foraminiferal species from the adjoining Kachchh Basin (Western India) is also discussed.
Results indicate that at Jaisalmer, sea level influenced facies deposition and both in turn, in a shal-
low marginal epicontinental setting, governed the distribution of benthic foraminifera. Further, the
observed diversity patterns recognized bed-by-bed are governed by local conditions of the basin but
at the stage- and family-levels, are influenced by global eustasy. The strong species dissimilarity
observed between adjacent Jaisalmer and Kachchh basins and of increasing similarity at the family-

level is most likely a reflection of large-scale changes in global eustasy.
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1. Introduction

Studies on benthic foraminiferal species diversity for
the well-exposed sedimentary succession of Jurassic-
Cretaceous age at Jaisalmer (Western India; Fig. 1a)
are non-existent. Although richly fossiliferous (Garc
1983) foraminiferal studies are largely restricted to (a)
a mere documentation of species (BHATIA & MANNIKERI
1976; GArRG & SINGH 1983, 1986; GARG et al. 1998), (b)
their distribution from few lithological sections (Sus-
BOTINA et al. 1960; KaLia & CHOWDHURY 1983; GARG &
SiNnGH 1983) or (c) the usage of impoverished assem-
blages to create time-diagnostic foraminiferal biozones
and range zones that lack well-constrained age-diag-
nostic ammonite data (DAvE & CHATERIEE 1996).
Hence, the above studies from disparate sections serve
only to indicate the presence of benthic foraminifers in
these richly fossiliferous Jurassic sediments of the Jais-
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almer Basin (Fig. 1a). This contribution attempts to
bridge this gap and presents a well-constrained age-
limited benthic foraminiferal dataset based on a study
of 77 samples spanning Bajocian to Early Tithonian
age from the Jaisalmer Basin sediments (Western In-
dia). A single sample is collected from each bed and
Fig. 2 shows their spatial distribution in and around
Jaisalmer. Seventeen benthic foraminiferal assemblag-
es are identified, from bottom to top and the distribu-
tion dataset is given as rare (R; beds that have 1-5 spec-
imens), common (C; 6-25) and abundant (A; more than
>25 specimens) (Fig. 2). Changes both in species distri-
bution and diversity are interpreted in terms of inferred
bathymetry and local and global sea level changes. Pa-
leoecology of the fauna is used to infer the prevailing
paleoenvironment. Additionally, foraminiferal faunal
similarity/dissimilarity with the adjoining Kachchh
Basin is also discussed (Fig. 1b).
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Fig. 1. Map showing Jurassic localities of Western India. a — Jaisalmer Basin showing the geographic extent of Formations
discussed in text. b — Kachchh Jurassic localities. Inset: Map of India and the geographic position of Jaisalmer and Kachchh
basins.
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Fig. 2. Jurassic locality map of the Jaisalmer Basin showing the distribution of beds discussed in the text (GARG & SINGH

1983).

2. Stratigraphy

The Jurassic succession in western Rajasthan (Fig.
3) unconformably overlies the Proterozoic Birmania
Formation (NARAYANAN 1964) and starts with estua-
rine to partly marine arenaceous sediments exposed
in and around the Jaisalmer city and assigned to the
Lathi Formation. These sediments of the Lathi Forma-
tion largely consists of medium- to coarse-grained to
occasionally gritty, poorly sorted, arkosic, often fer-
ruginous and calcareous sandstones with intercalated
bands of sandy shales (beds 1-4; Figs. 2-3). This for-
mation contains plant remains and silicified gymno-
sperm driftwood. The only evidence of marine influ-
ence within this formation is the presence of burrows
and other traces of organisms in its uppermost part
(bed 4; Figs. 2-3). No megafauna have so far been re-
corded from this formation.

The succeeding Jaisalmer Formation unconform-
ably overlying the Lathi Formation and is dominantly
composed of argillaceous sediments with varying cal-
careous and arenaceous content. The Jaisalmer For-
mation is here divided into 2 members: the Amarsagar
Limestone and the Kuldhar Oolite (Figs. 1-2). The

Amarsagar Limestone Member is made up of calcare-
ous to arenaceous limestones with subordinate shales
(beds 5-28, Fig. 6). Its basal unit (the Hamira Mem-
ber of Das Gupta, 1975) is exposed at Thaiyat (beds
4-5; Figs. 2-3) and marks the onset of fully marine
conditions for the Jaisalmer Basin as indicated by the
presence of the Bajocian coral Isastrea bernardiana
(cf. PANDEY & FuUrsicH 1994). The succeeding upper
beds exposed at the Jaisalmer Scarp (beds 6-28; Fig.
2) are highly fossiliferous and made up of argillaceous
to marly limestones. The limestones are occasionally
oolitic and form alternate hard and soft bands of 0.5 to
1 m thickness. Conspicuous among these are the two
hard beds (16-17 and 19-20) that contain abundant reg-
ular echinoids (Hemicidaris) and several bivalves (in-
cluding Corbula lyrata and Protocardia grandidierr).
This bivalve association has been dated as Middle Ba-
thonian (ARKELL 1956; GARG 1983). No ammonite fau-
na has been recorded from these sediments. The suc-
ceeding beds are exposed at Amarsagar (5 km W of
the Jaisalmer scarp succession; Fig. 2) that comprise of
well-bedded fossiliferous argillaceous to arenaceous
limestone with minor shaly and sandy intercalations
containing bivalves, rhynchonellid brachiopods and
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Fig. 3. Biostratigraphy of the Jaisalmer Basin. *Note that the basal unit at Thaiyat (the Hamira Member of Das Gupta 1975)
marks the onset of fully marine conditions in the Jaisalmer Basin as indicated by the presence of the Late Bajocian coral
Isastrea bernardiana (PANDEY & FURsicH 1994).

gastropods. Endemic benthic species of Pseudomar-  al. 1998). The succeeding beds are exposed at about
sonella and Riyadhella, also common in the Middle 1.5 km SW of Badabag (Badabag is 5 km N'W of Jais-
Bathonian of Saudi Arabia, occur in regular abundance  almer; Fig. 2). The basal section is made up of fossil-
in beds 19 to 43, thus indicating a Middle Bathonian iferous limestone, and the upper section constitutes of
age and Arabian affinity for these sediments (GArG et poorly fossiliferous sandy shales and calcareous sand-

Fig. 4. 1-2 — Haplophragmoides barrowensis Tappan. 1: side view, specimen no. LUGMIJF 530, magnification: 75x; 2: edge
view, specimen no. LUGMIJF 530, magnification: 75x; 3-11 — Recurvoides spp. 3: spiral view, specimen no. LUGMIJF 585,
magnification: 100x; 4: umbilical view, specimen no. LUGMIJF 585, magnification: 100x; 5: edge view, specimen no. LUG-
MIJF 585, magnification: 100x; 6: spiral view, specimen no. LUGMIJF 584, magnification: 100x; 7-9: different side views,
specimen no. LUGMIJF 598, magnification: 100x; 10: spiral view, specimen no. LUGMJF 586, magnification: 125x; 11: side
view, specimen no. LUGMIJF 586, magnification: 125x; 12-15: Triplasia australiae CResPIN. 12: side view, specimen no.
LUGMIJF 579, magnification: 50x; 13: top view, specimen no. LUGMIJF 580, magnification: 50x; 14-15: spiral view, speci-
men no. LUGMIJF 578, magnification: 50x; 16-25 — Ammobaculites coprolithiformis (SCHWAGER). 16: side view, specimen
no. LUGMIJF 735, magnification: 35x; 17: edge view, specimen no. LUGMIJF 735, magnification: 35x; 18: side view, speci-
men no. LUGMIJF 736, magnification: 50x; 19: side view, specimen no. LUGMIJF 740, magnification: 125x; 20: top view,
specimen no. LUGMIJF 740, magnification: 125x; 21: side view, specimen no. LUGMIJF 739, magnification: 125x; 22: top
view, specimen no. LUGMIJF 739, magnification: 125x; 23: side view, specimen no. LUGMIJF 737, magnification: 75x; 24:
top view, specimen no. LUGMIJF 737, magnification: 75x; 25: side view, specimen no. LUGMJF 738, magnification: 75x;
26-32 — Ammobaculites agglutinans (D’ORBIGNY). 26: top view, specimen no. LUGMIJF 725, magnification: 65x; 27: edge
view, specimen no. LUGMIJF 725, magnification: 65x; 28: side view, specimen no. LUGMIJF 725, magnification: 65x; 29:
opposite side view, specimen no. LUGMIJF 727, magnification: 65x; 30: top view, specimen no. LUGMJF 727, magnifica-



Jurassic benthic foraminiferal diversity 231

tion: 65x; 31: opposite side view, specimen no. LUGMIJF 727, magnification: 65x; 32: side view, specimen no. LUGMIJF
726, magnification: 100x; 33-39 —Trochammina quinqueloba GeracH. 33: Umbilical view, specimen no. LUGMIJF 516,
magnification: 135x; 34: side view, specimen no. LUGMIJF 516, magnification: 135x; 35: spiral view, specimen no. LUGMIJF
516, magnification: 135x; 36: umbilical view, specimen no. LUGMIJF 517, magnification: 140x; 37: side view, specimen no.
LUGMIF 517, magnification: 140x; 38: spiral view, specimen no. LUGMJF 517, magnification: 140x.
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stones (bed 45). The calcareous sandstones forms the
Badabag Member and are followed by the succeeding
Kuldhar Oolite Member (beds 45-65; Figs. 2, 3). From
these calcareous sandstones, PRasAD (2006) recorded
a distinctly latest Bathonian species of Clydoniceras,
and he correlated these beds with the Late Bathonian
Discus Zone of the Submediterranean and Subboreal
provinces (for more details see Jain 2007, 2008, 2012).

The lower oolitic beds of the Kuldhar Oolite
Member (beds 46-65; Figs. 2, 3) have yielded a typi-
cal Late Bathonian ammonite association with Siv-
ajiceras congener (WAAGEN) [M] and Macrocepha-
lites triangularis Seatn [M] (JaiNn 2007, 2008, 2012),
which marks the Bathonian-Callovian boundary in
the adjacent Kachchh Basin (CaLLomoN 1993; Jain
et al. 1996). Here, this boundary is drawn between
beds 46 and 47 (Jain 2007, 2008, 2012; Fig. 2). The
succeeding beds from 47 to 50 are assigned to the
Early Callovian, based on the presence of Hectico-
ceras proximum ErmI from bed 50, the index of the
Patina Subzone of latest Early Callovian age (JAIN
2007, 2008, 2012). Beds 51 to 57 yielded a typical
Middle Callovian fauna with Reineckeia (R.) anceps
(REINECKE) (see JaiN 2007, 2008, 2012 for details) and
an Early Oxfordian fauna from bed 58 (species of
Mayaites and Epimayaites). The succeeding gypsif-
erous shales with calcareous sandstone bands (beds
59-65; Figs. 2, 3) are assigned to the Middle Oxford-
ian. These beds are part of the Baisakhi Member that
overlies the Kuldhar Oolite Member, separated by a
stratigraphic hiatus (Fig. 3).

The overlying thick sequence of areno-argillaceous
sediments of the Rupsi Shale Member conformably
overlies the Baisakhi Member (Figs. 2, 3). The lower
beds of the Rupsi Shale Member are unfossiliferous
and consist of sandstones and sandy shales (beds 66-
77, Figs. 2, 3). The succeeding sandy marls are highly
fossiliferous and contain abundant ammonites (Di-
chotomosphinctes, Kranaosphinctes, and small Peri-

sphinctes), bivalves, and brachiopods. The ammonites
indicate a Late Oxfordian age. The succeeding silty
to sandy shales contains plant remains with no body
fossils but profuse arenaceous benthic foraminifers.
Up section, these shales are gypsiferous (post-deposi-
tional) and contain ammonites. These include species
of Pachysphinctes, Torquatisphinctes and Hildogloch-
iceras of Late Kimmeridgian age (GARG et al. 1998).
This unit is followed by a thick succession of thinly
laminated sandy shales alternating with hard nodular
ferruginous sandy bands. This unit yielded a rich (?lat-
er part of) Early Tithonian ammonite fauna (species
of Aulacosphinctoides, Parapallasiceras, Hildogloch-
iceras, Subplanites and Pseudinvoluticeras) (GARG et
al. 1998). A detailed taxonomic study of this rich am-
monite and benthic foraminiferal fauna is in progress
and will be published elsewhere. The most abundant
species recorded from these Bajocian-Early Tithonian
sections are illustrated in Figs. 4-6.

3. Species distribution and diversity

In the present contribution, based on species abun-
dance, seventeen benthic foraminiferal assemblages
are identified. Of the 77 beds spanning from the Bajo-
cian to the Early Tithonian; the basal 14 beds did not
yield foraminifers, expect for rare specimens of Am-
mobaculites agglutinans from bed 9 (Figs. 4.26-4.32).
Only 58 beds contained foraminifers, yielding 149
species assigned to 58 genera and 21 superfamilies. Of
the 33 three families, Vaginulinidae is the most domi-
nant with 25 species (16.9% of the total species), fol-
lowed by Nodosariidae with 18 species (12.2%), Litu-
olidae with 13 species (8.8%), Trochamminidae with
10 (6.8%), and Eggerellidae with 10 species making
6.8% of the total dataset. The bed-by-bed distribution
reveals that the calcareous foraminifers predominate
in the early part of the Middle Bathonian and also be-
tween the Late Bathonian and the Middle Callovian.

Fig. 5. 1-3 — Pseudomarsonella bipartita REpmonD. 1: side view, specimen no. LUGMIJF 657, magnification: 135x; 2: top
view, specimen no. LUGMIJF 657, magnification: 135x; 3: side view, specimen no. LUGMIJF 656, magnification: 100x; 4-5
— Pseudomarsonella primitiva REDMOND. 4: top view, specimen no. LUGMIJF 658, magnification: 100x; 5: side view, speci-
men no. LUGMIJF 658, magnification: 100x; 6-10 — Riyadhella regularis REDMOND. 6: side view, specimen no. LUGMIJF
666, magnification: 135x; 7: side view, specimen no. LUGMIJF 667, magnification: 135x; 8: side view, specimen no. LUG-
MIF 668, magnification: 135x; 9-10: different side views, specimen no. LUGMIF 665, magnification: 135x; 11-16 — Pfend-
erina inflate REDMOND. 11: side view, specimen no. LUGMIJF 682, magnification: 65x; 12: side view, specimen no. LUGMIJF
681, magnification: 100x; 13: enlarged side view, specimen no. LUGMJF 681, magnification: 200x; 14: longitudinal section,
specimen no. LUGMIJF 684, magnification: 100x; 15: side view (broken), specimen no. LUGMJF 683, magnification: 100x;
16: basal view of a broken specimen, specimen no. LUGMIJF 683, magnification: 135x; 17-23 — Singhamina jaisalmeriensis
GARG & SINGH. 17: spiral view, specimen no. LUGMIJF 692, magnification: 135x; 18: edge view, specimen no. LUGMIJF 692,
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magnification: 135x; 19: umbilical view, specimen no. LUGMIJF 692, magnification: 135x; 20: umbilical view, specimen
no. LUGMIJF 695, magnification: 135x; 21: umbilical view, specimen no. LUGMIJF 694, magnification: 135x; 22: umbilical
view, specimen no. LUGMIJF 696, magnification: 135x; 23: equatorial section, specimen no. LUGMIJF 697, magnification:
135x; 24-27 — Dentalina guembeli SCHWAGER. 24: side view, specimen no. LUGMIJF 632, magnification: 100x; 25: side view
(broken specimen), specimen no. LUGMIJF 633, magnification: 100x; 26: top view, specimen no. LUGMIJF 634, magnifica-
tion: 100x; 27: side view (broken specimen), specimen no. LUGMIJF 634, magnification: 100x; 28 — Dentalina cf. tenuist-
riata TERQUEM, side view, specimen no. LUGMIJF 635, magnification: 135x.



234 R. Gargand S. Jain

Fig. 6. 1-5 — Nodosaria hortensis TERQUEM. 1: side view, specimen no. LUGMJF 623, magnification: 100x; 2: top view,
specimen no. LUGMJF 623, magnification: 100x; 3: side view, specimen no. LUGMIJF 624, magnification: 100x; 4: side
view, specimen no. LUGMIJF 625, magnification: 100x; 5: top view, specimen no. LUGMJF 625, magnification: 160x; 6
— Citharina flabellata (GUMBEL), side view, specimen no. LUGMIJF 644, magnification: 100x; 7-8 — Saracenaria phaedra
Tappan. 7: side view, specimen no. LUGMIJF 615, magnification: 100x; 8: edge view, specimen no. LUGMIJF 615, magnifica-
tion: 100x; 9-10 — Trocholina conica (SCHLUMBERGER). 9: spiral view, specimen no. LUGMJF 550, magnification: 100x; 10:
side view, specimen no. LUGMIJF 551, magnification: 100x; 11-13 — Lenticulina muensteri (RoEMER). 11: edge view, speci-
men no. LUGMIJF 603, magnification: 65x; 12: side view, specimen no. LUGMJF 603, magnification: 65x; 13: side view,
specimen no. LUGMIJF 602, magnification: 65x; 14-16 — Eoguttulina liassica (STRICKLAND). 14: side view, specimen no.
LUGMIJF 591, magnification: 100x; 15: side view, specimen no. LUGMIJF 590, magnification: 100x; 16: top view, specimen
no. LUGMIJF 590, magnification: 100x; Fig. 17 — Opthalmidium cf. carinatum KUBLER & ZWINGLI, side view, specimen no.
LUGMIJF 594, magnification: 100x; 18-19 — Epistomina regularis TERQUEM. 18: spiral view, specimen no. LUGMIJF 562,
magnification: 135x; 19: umbilical view, specimen no. LUGMIJF 562, magnification: 135x; 20-21 — Epistomina cf. turgidula
Pazpro. 20: spiral view, specimen no. LUGMIJF 561, magnification: 135x; 21: edge view, specimen no. LUGMIJF 561, mag-
nification: 135x; 22-23 — Epistomina coronata TERQUEM. 22: spiral view, specimen no. LUGMIJF 560, magnification: 135x;
23: umbilical view, specimen no. LUGMJF 560, magnification: 135x.

The agglutinated forms dominate in the middle part of  idgian (Fig. 7a). Interestingly, the porcellaneous fora-
the Middle Bathonian and in the Kimmeridgian. minifers dominate in the Middle Bathonian (Fig. 7).

At the substage-level the calcareous foraminifers At the stage-level (Fig. 7b) calcareous forms dominate
dominate between the Late Bathonian and the Middle  during Bathonian and Callovian times, the agglutinat-
Callovian, and the agglutinated forms in the Kimmer- ed forms during the Kimmeridgian. However, at the
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Fig. 7. Substage- and stage-wise distribution of agglutinated, calcareous, and porcellaneous foraminiferal species within

the Jaisalmer Basin.

stage-level the porcellaneous forms only form a frac-
tion in the Middle Bathonian.

Stratigraphically, at the genus-level the maximum
of first occurrences (FO) is noted in the Bathonian (32
genera) and then in the Kimmeridgian (21), whereas

the maximum of last occurrences (LO) lies in the
Kimmeridgian (24) and then in the Callovian (11). The
maximum number of restricted genera within a stage
lies in the Bathonian (16), followed by the Kimmeridg-
ian (7).
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At the species-level, the maximum of FO is also
noted in the Bathonian (77 species) and then in the
Kimmeridgian (44), whereas the maximum of LO is in
the Callovian (34) and then in the Kimmeridgian (10).
The maximum number of restricted species within a
stage is also within the Bathonian (50) followed by the
Kimmeridgian (43) and the Callovian (28). Thus, ma-
jor changes at both at the genus- and species-levels are
noted in the Bathonian and Kimmeridgian and, to a
lesser amount, in the Callovian.

Putting together all the available dataset, a moder-
ate cyclicity in species diversity with peak values dur-
ing the Middle Bathonian, Middle Callovian and Late
Kimmeridgian and lower values during the Late Ba-
thonian, Oxfordian and Tithonian is observed (Fig. 8).

4. Bathymetry and paleoenvironment

Bathymetry, paleoecology and paleoenvironment are
inferred from:

(1) the contained facies (ex. limestones, sandstone,
etc.),

(2) sedimentary structures within the identified assem-
blage (ex. current bedding, etc.) and

(3) the associated occurrences of a) body fossils (am-
monites, bivalves, brachiopods, echinoids and belem-
nites), b) trace fossils, c) pollen, spores and wood, d)
charophytes, e) algae (Dasycladaceae), f) serpulids, g)
holothurian sclerites, h) crinoids (Isocrinus), 1) fish re-
mains (otoliths), j) nannofossils and k) foraminifers.

Maximum depth of deposition for all the sections
studied does not exceed more than 50 m. These deep-
est parts also contain ammonite horizons. Bathymetry,
paleoecology and paleoenvironment of each assem-
blage are described below.

Assemblage 0 (Zero; beds 1-14) is unfossiliferous.
The lower beds (beds 1-4) belong to the Lathi Forma-
tion which is marked by a predominance of medium-
to coarse-grained clastic sediments with interspersed
pollen, spores and fossil wood. Medium- to coarse-
grained clastics indicate high-energy near-shore con-
ditions. Additionally, intermittent exposures of the sea
floor and/or well-oxygenated conditions are inferred
based on the ferrugineous nature of the sediments.
Presence of interspersed pollen and spores and fossil
wood indicate shallow estuarine to brackish condi-
tions. The bioturbated upper beds indicate some ma-
rine influence at the top. Thus, the sediments of the
Lathi Formation (beds 1-4) indicate high-energy es-
tuarine conditions within a hot and dry climate (pollen
and spores). Low salinity due to increased freshwater

influence might have led to an extremely low diversity
of the microfauna and the total absence of any mac-
rofauna. A deposition depth of around 5 m is inferred
(Fig. 8). The succeeding beds (beds 5-14) that belong
to the lower part of the Jaisalmer Formation (Fig. 2)
are also largely unfossiliferous. However, the occur-
rence of the agglutinated foraminifer Ammobaculites
agglutinans in bed 9 indicates a marine influence.
This is also indicated in bed 5 based on the first oc-
currence of the coral Isastrea bernardiana (cf. PANDEY
& FUrsicH 1994). Overall, the lower part is made up of
a thick medium- to coarse-grained sandstone (bed JO)
with current bedding indicating shallow high-energy
conditions. The continuous presence of charophytes
from beds J1 to J9 (beds 7-15) also suggests freshwa-
ter influence. However, the presence of Dasycladaceae
and the regular echinoid Hemicidaris in beds J10-11
(beds 16-17) indicate a warm water low-energy re-
gime. Dasycladaceae generally live in depths less than
5 m (Fig. 8). Further up in the section, the presence of
bivalves and gastropods (bed J6; bed 12) in glauconitic
shales suggests a deepening of the basin and reduc-
ing conditions. Thus, overall, for beds J5-14, based on
the occurrence of the abovementioned fauna and flora,
the maximum estimated depth is around 10 m (Fig. 8).
The presence of Hemicidaris suggests clear water and
the charophytes indicate freshwater influence.

Assemblage 1 is marked by the dominance of Len-
ticulina muensteri, Lenticulina subalata, and species
of Epistomina. The facies is carbonate with associ-
ated marls. The presence of the bivalves Indocorbula
lyrata (SowerBY) and Protocardia grandidieri (NEw-
TON) have also been noted in coeval Middle Bathonian
sediments of Middle East and East Africa (ARKELL
1956; HaLLam 1975) and are interpreted to indicate
a transgressive shallow-water facies. The presence of
thick-walled species of Lenticulina and Epistomina
also suggests deeper conditions, however, comparable
presence of bivalves does not indicate depths greater
than 15 m (Fig. 8). Additionally, the presence of dwarf
specimens of Quinqueloculina in this assemblage is
quite intriguing and possibly suggests modifications
due to an increased brackish influence.

Assemblage 2 (beds 19-22) is marked by the domi-
nance of the agglutinated species Singhamina jaisalm-
eriensis, Riyadhella regularis and Trocholina conica.
Beds 19-20 contains the regular echinoid Hemici-
daris. The assemblage is also dominated by bivalves,
nerineid gastropods and rhynchonellid brachiopods
(Cryptorhynchia, Globirhynchia). Nerineid gastro-
pods indicate shallow-marine subtidal conditions,
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and the presence of echinoids and brachiopods indi-
cate normal salinity with well-oxygenated conditions
and clear waters. The brachiopods are represented by
monospecific clusters of Cryptorhynchia and Globi-
rhynchia that indicate calm open-marine conditions
and a shallow subtidal environment. In Recent times,
brachiopods live in shallower waters of the continental
shelf (below the low-tide) and are marginally inter-
tidal (Rubwick in Moore 1965). Echinoids, as char-
acteristic grazers, point to shallow depths within the
photic zone. The dominance of agglutinated species
of Singhamina, Riyadhella and Trocholina within this
assemblage also suggests a shallow subtidal environ-
ment. Thus, over all for Assemblage 2, the inferred
depth is less and around 10 m with shallow subtidal
marine conditions (Fig. 8). The presence of dwarfish
specimens of Quinqueloculina and Spiroloculina in-
dicate a somewhat near-shore brackish influence.

Assemblage 3 (beds 23-28) is dominated by Len-
ticulina muensteri, Pseudomarsonella media and Tro-
cholina conica. The associated facies is dominantly
made up of carbonates with intermittent bands of
fossil concentrations, suggesting flooding events. A
somewhat deeper depth of 20 m (Fig. 8) is inferred
based on the facies and the fossil clusters.

Assemblage 4 (beds 29-32) is marked by the domi-
nance of Triplasia australias, Pseudomarsonella bi-
partita and Pseudomarsonella primitiva. This assem-
blage is also marked by the abundance of the brachio-
pod Globirhynchia. The predominant lithology is marl
suggesting somewhat deeper and calmer conditions.
Maximum inferred depth is 20 m (Fig. 8), similar to
Assemblage 3.

Assemblage 5 (beds 33-38) shows abundance of
Singhamina rajasthanensis, Trocholina conica and
Triplasia australias. The assemblage also contains
abundant bivalves and nerineid gastropods indicating
very shallow-marine subtidal conditions with depths
not exceeding 20 m (Fig. 8).

Assemblage 6 (beds 39-44) is dominated by Pfen-
derina inflate, Nodosaria mecista and Trocholina
conica. The lithology is a sandy limestone. Pfenderi-
na is a complex agglutinated foraminifer and is know
to occur in limestones deposited in clean clear water
at somewhat deeper depths (Smout & SUDGEN 1961).
Thus, based on the lithology and the associated fauna,
a somewhat greater depth of 35 m is inferred (Fig. 8).

In summary, the Amarsagar Limestone Member
(beds 5-44) represents near-shore shallow marine en-
vironment with varying ecological conditions. The
lower part of the member is deposited under fluctu-

ating shallow marginal brackish-marine conditions
near the littoral-sublittoral zone within a depth around
5-10 m (Fig. 8). The upper part of the member was
deposited in a relatively stable shallow open.-marine
environment of the inner sublittoral shelf. The sea was
warm, generally well lit and well-oxygenated and of a
normal marine salinity with brief intervals of brackish
influence. Slightly deeper conditions around 20-35 m
are noted for the upper part of the member. The oc-
currence of charophytes, low diversity of mega- and
microfauna, rarity of calcareous foraminifers and the
gradual disappearance of echinoids and brachiopods
towards the top indicates the presence of some eco-
logical constraint, most likely increased freshwater
influence, and turbidity. The total absence of ammo-
nites in the Amarsagar Limestone Member is quite in-
triguing and might result from some physical barriers
restricting these nektobenthic organisms moving into
the Jaisalmer Basin.

Assemblage 7 (beds 45-46) forms the Kuldhar
Oolite Member and has the abundance of Citharina
flabellata, Dentalina guembeli and Nodosaria hor-
tensis. This assemblage marks the first appearance of
ammonites (Clydoniceras sp., Sivajiceras congener)
indicating fully marine conditions. The micro- and
macrofauna is profusely rich (ammonites, belemnites,
brachiopods, bivalves and rare gastropods) within the
interbedded oolitic limestones, marls and shales, asso-
ciated with the presence of phytoplankton, holothurian
sclerites, crinoids (Isocrinus) and fish remains. The
echinoids are totally lacking, but crinoids and their dis-
articulated stems are profuse. Bed 46 is a hardground
(FursicH et al. 1991; Jaix 2007, 2008, 2012) indicating
the presence of a maximum flooding surface with a
hiatus or negligible rates of sedimentation. It contains
serpulids and small oysters encrusting the ammonites
on both sides suggesting their attachment when the
ammonites were still alive. However, in some cases,
the serpulids, which are sessile epifaunal filterers, are
only attached on one side of the ammonite. This points
to a post-mortem attachment that occurred while the
ammonites lay on the sea bottom and remained uncov-
ered due to a slow sedimentation rate. Throughout the
sequence, the ‘golden oolites’ are never as dominant as
found in other typical oolitic shoals. The dominance
of stenohaline nektonic organisms and of calcareous
benthic foraminifera indicates an open-marine, inner
to middle neritic environment. The presence of oolites,
however, indicates relatively shallow depths and mod-
erately agitated bottom conditions in a high-energy
environment but with some substrate stability to allow
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the benthic organisms to flourish. The brachiopods
represented both by rhynchonellids and terebratulids
are known to live in shallow and relatively clear wa-
ters. Nevertheless, the rarity of surface dwelling de-
posit feeders like gastropods and the total absence of
echinoids indicate some unspecified environmental

constraint for theses organisms. Profuse abundance of
ammonites and calcareous forms indicate depths close
to 40 m (Fig. 8).

Assemblage 8 (beds 47-50) is dominated by Citha-
rina flabellata, Dentalina guembeli and Lenticulina
muensteri. The facies is made up of thin bands of oo-
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litic limestones and marls. Here the nodosariids are
large and bearing robust tests. The associated aggluti-
nated foraminifera, polymorphinids and the miliolids
are rare and poorly preserved. Ammonites are abun-
dant. The presence of both thick-walled and strongly
ornamented foraminifera together with abundant am-
monites suggest deeper conditions, but the presence of
oolitic bands also indicate intermittent shallowing and
high energy conditions. Hence, a somewhat less stable
but slightly deeper depositional condition (~45 m; Fig.
8) than the preceding Assemblage 7 is inferred.

Assemblage 9 (beds 51-52) is marked by the pres-
ence of the same benthic foraminiferal assemblage as
Assemblage 8 with Dentalina guembeli, Lenticulina
muensteri and Citharina flabellate, but the species
dominance has changed. The ammonites and benthic
calcareous foraminifers continue their abundance.
Cosmopolitan and index ammonites like Reineckeia
(Reineckeia) anceps (REINECKE) [M] dominate. The in-
ferred depth remains unchanged at around 45 m (Fig. 8).

Assemblage 10 (beds 53-55) is dominated by Len-
ticulina muensteri, Citharina flabellate and Falsopal-
mulina deslongchampsi. As compared to Assemblage
9, the calcareous forms (especially nodosariids) con-
tinue to dominate over the agglutinated foraminifers.
The lithology is dominated by glauconitic shales and
phosphatic nodules with minor constituent of sandy
limestones, marls and coarse sandy to gritty shales
higher up in the section. Coccoliths are common in
these sediments, together with frequent fish remains
(otoliths) and crinoids, the latter represented by Isocri-
nus ossicles and plates. Holothurian sclerites are rare.
The phosphatic nodules are rich in organic matter.
Based on the fauna and lithology, the inferred depth
remains largely unchanged from Assemblage 9, but is
slightly deeper at around 50 m (Fig. 8).

Assemblage 11 (beds 56-57) is marked by the dom-
inance of Conicospirillina trochoides, Lenticulina
muensteri and Lenticulina quenstedti. The ammonites
continue to dominate as in the previous assemblages
7-10. The lithology is essentially made up of marls and
suggests deeper and calmer depositional conditions at
a depth of around 50 m.

Assemblage 12 (bed 58) is marked by the domi-
nance of Lenticulina muensteri and associated with
rare ammonites in a highly ferrugineous oolitic sandy
limestone. However, the presence of the pelagic phyl-
loceratid ammonoid Holcophylloceras sp. suggests
deeper conditions. The almost exclusive dominance of
Lenticulina muensteri also suggests somewhat deeper
conditions. This is also favoured by the morphology of

ammonite shells (depressed whorl sections) and their
coarse ornamentation (Mayaites spp.). The estimated
depth is still around 50 m (Fig. 8).

Assemblage 13 (beds 59-65) belongs to the Baisakhi
Member and marks the first assemblage that is domi-
nated by agglutinated foraminifera, which otherwise
were dominated by calcareous forms. The dominant
species include Lenticulina muensteri, Haplophrag-
moides barrowensis and Ammobaculites agglutinans.
This assemblage appears somewhat impoverished. The
associated lithology is made up of sandy to carbona-
ceous shales with two hard ferruginous oolitic sandy
limestone bands containing brachiopods (terebratulid
Kutchithyris and the large, globose rhynchonellid So-
malirhynchia). The upper part of the section is made
up of current-bedded sandstones (beds 61, 63) that are
bioturbated and contain plant remains. Only the basal
part of this assemblage (oolitic sandy limestone bands)
contains inflated, coarse-ribbed ammonites (Mayaites,
Epimayaites) along with phylloceratids and belem-
nites. Shallow depths (~40 m), perhaps approaching
the upper part of the inner shelf, with fairly stable
substrate conditions and normal marine and well-ox-
ygenated waters are suggested by the overwhelming
dominance of brachiopods. However, the dominance
and low diversity of the epifaunal suspension feeding
benthos along with the rarity of other benthic organ-
isms (ammonites, bivalves, etc. and microfauna) indi-
cates the presence of some ecological constraints. The
general impoverishment of the fauna together with the
disappearance of calcareous foraminifera up section
in the gray (gypsiferous, post-depositional) shales sug-
gests unfavourable environmental conditions, most
likely due to the interplay of increased shallowing, re-
duced oxygen content and lowered salinity. Sedimen-
tologically, for assemblage 13, two similar shallowing
trends (coarsening upward sequences; parasequence)
are noted. These deposits grade from fine shale (bed
SCI) to sandy shale (beds SC2 and SC4) to medium-
to coarse-grained sandstones (beds SC3 and SC5) are
capped by gray carbonaceous shales (beds SC6-7).
This represents a regressive sequence deposited un-
der shallow water conditions with intermittent periods
of lower salinity due to the influx of freshwater from
estuarine channels as suggested by the occurrence
of plant remains. The presence of a sandy sequence
showing current bedding and bioturbation indicates
rapid deposition under high-energy shallow condi-
tions. Based on the benthic fauna and the associated
lithology, a somewhat shallower depth between 30-35
m is estimated for this assemblage (Fig. 8).
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Assemblage 14 (beds 66-69), another impover-
ished assemblage, is dominated by agglutinated forms
of Reophax deckeri, Trochammina quinqueloba and
Lagenammina difflugiformis with rare small ammo-
nites (Torquatisphinctes) and belemnites. The facies
consists of sandstones to sandy shales indicating a
shallowing of the basin. The maximum inferred depth
is around 25 m (Fig. 8).

Assemblage 15 (beds 70-71) is dominated by
simple tubular agglutinated species of Bathysiphon,
Rhabdammina and Rhizammina that are large, robust,
coarsely agglutinated and often with poorly cemented
tests. The dominance of simple tubular agglutinated
species indicates a deposition under near-shore marshy
conditions. Additionally, the foraminifer tests are also
frequently distorted, crushed or broken, hence, only
determined at the genus-level. The lithology is a gray
carbonaceous shale that is occasionally micaceous and
contains plant remains. The absence of other benthic
marine fauna might be related to a lower salinity. The
occurrence of fossil wood attests to the near-shore
conditions and the influx of organic matter with land
runoff into the basin through estuarine channels (gray
carbonaceous shales). Thus, based on the fauna and
the lithology, the estimated depth inferred is around
10 m (Fig. 8).

Assemblage 16 (bed 72) is dominated by aggluti-
nated species of Trochammina bartensteini, Reophax
agglutinans and Ammobaculites gordoni in a gray to
green sandy shale with ferruginous ocherous nodules
that contain ammonites. The calcareous forams are
rare. The simple tubular agglutinated forms are often
large and robust suggesting deposition under stable
brackish-marine shallow conditions. Based on the li-
thology and the contained fauna (essentially ammo-
nites), slightly deeper conditions than for Assemblage
15 at around 30 m are inferred (Fig. 8).

Assemblage 17 (beds 72-77) is also dominated by
agglutinated species of Ammodiscus asper, Eoguttu-
lina liassica and Reophax agglutinans. Unidentified
and rare internal moulds of calcareous foraminifera
are also noted. The presence of coarser terrigenous
clastics suggests a shallowing and a gradation towards
a near-shore high-energy environment of the inner
shelf. The occurrence of moulds of polymorphinids
and lenticulinid foraminifers indicates a decalcified
shallow shelf assemblage. The reduction in foraminif-
eral diversity also suggests gradual shallowing, great-
er influx of coarser sediments, and lack of nutrients
and presumably a lowered salinity. The total lack of
other benthic fauna also suggests unfavorable condi-

tions. However, the presence of ammonites and bel-
emnites together with the brackish-marine, predomi-
nantly agglutinated foraminiferal assemblage suggests
that these sediments maintained marine connections,
possibly due to stronger currents that transported the
nektonic forms into the marginal-brackish regime. Es-
timated depth is around 20 m (Fig. 8).

Thus, the maximum depth of deposition for the en-
tire section studied here does not exceed more than 50
m; the deepest parts also contain ammonite horizons.

5. Environmental significance of
agglutinated assemblages

Assemblages 13 to 17 (beds 59-77; Middle Oxfordian
to Early Tithonian) from the Baisakhi and Rupsi Mem-
bers of the Jaisalmer Formation are dominated by ag-
glutinated foraminifers. Similar benthic foraminiferal
assemblages composed dominantly or exclusively of
agglutinated forms have been well-documented both
in the fossil record and in the Recent (GARG 1983; TiB-
ERT et al. 2003b; TiBERT & LECKIE 2004; GEBHARDT
2006; ReoLd et al. 2008). Agglutinated assemblages
are known to inhabit diverse environmental conditions
ranging from lagoons, bays, estuaries or brackish wa-
ter or hypersaline marshes on the one hand to bathyal
and abyssal depths on the other hand (Murray 2001).
Studies have noted that agglutinated forms with simple
interiors (Ammobaculites, Haplophragmoides, Tro-
chomina, etc.) are predominant in near shore brackish-
waters while forms with complex interiors (Cyclam-
mina, etc.) are characteristic of the deep waters. Ad-
ditionally, in general, bathymetrically the thicker and
coarsely agglutinated forms dominate in near-shore
environment and the thinner, more siliceous tests in
deeper and low-energy marine conditions. However,
coarse-grained, robust tests are also known to inhabit
deep waters. Assemblages composed of calcareous
and agglutinated forms (Bathysiphon, Dentalina, Len-
ticulina and Nodosaria) suggest fully marine condi-
tions whereas those dominated by agglutinated forms
(Textularia, Ammobaculites, Haplophragmoides and
Trochammina) indicate marginal (marsh, estuary, and
lagoon) marine to brackish conditions (CULVER et al.
1996). Modern foraminiferal faunas composed en-
tirely of non-calcareous agglutinated taxa are known
only from high intertidal marshes and below the cal-
cite compensation depth in the ocean. The faunas from
modern estuarine and epicontinental seas include a
mixture of calcareous and non-calcareous taxa, with
the non-calcareous agglutinated forms dominating
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in low salinity environments (MurRraY 1991; ALVE &
MurrAay 1994). The predominance of agglutinated fo-
raminiferal species and rarity of calcareous forms in
an assemblage has also been noted in other marsh and/
or near-shore environments that are subjected to var-
ied ecological conditions due to fluctuations in salin-
ity, pH, substrate, etc. that enable simple agglutinated
foraminifers to thrive; these conditions are unfavor-
able for calcareous forms (ReoLip et al. 2008). The to-
tal absence of calcareous forms is also attributed vari-
ously to the lack of calcium carbonate content in the
seawater (WALTON 1964) or to low temperature or low
pH, or a combination of the two factors (BoLIN 1956;
PHLEGER 1960). Another important factor hampering
the formation and fossilization of calcareous tests is
oxygen depletion and higher carbon dioxide content in
bottom waters, which many agglutinated foraminifers
with organic-type cement are able to tolerate (GRAD-
STEIN & BERGGREN 1981). Thus, generally, the agglu-
tinated foraminifers dominate in areas of low avail-

ability of calcium carbonate, characterized by low
salinity and/or low temperature, lack of oxygen and
fluctuations in pH recorded in most marginal marine
brackish waters (Murray 2001). However, dissolution
is also likely to result in the predominance of aggluti-
nated assemblages.

A predominant Ammobaculites-Trochammina as-
semblage is characteristic of low-salinity, brackish
water, near-shore environments whereas thick-walled
coarse, agglutinated foraminifers characterize paralic
environments. Low diversity of agglutinated foramini-
fers with simple species (Trochammina, Jadammina,
Haplophragmoides and Ammobaculites) proliferate in
marsh environments (MURrRAY 2001) while common
occurrences of Saccammina, Cribrostomoides, Re-
ophax, Eggerella and Textularia represent decalcified
shelf assemblages. Saccammina, Reophax, Eggerella
and Textularia are rare in Assemblage 14, common in
Assemblage 15 and abundant to common in Assem-
blage 16. Thus, the role played by dissolution cannot be
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completely ruled out for these assemblages. However,
based on the presence of rare calcareous foraminifers
and the absence of overgrowths and etching on them,
the foraminiferal trend is considered largely primary.

Thus, for assemblages 13 to 17 (beds 59-77), a low-
salinity, brackish-water, near-shore environment is
envisaged that is subjected to varied ecological condi-
tions primarily due to fluctuations in salinity and pH,
and to a lesser extent by the availability of nutrients.
Dissolution, although largely negligible increases from
Assemblage 13 to 17.

6. Comparison with previous studies from
Jaisalmer and Kachchh

A simple species comparison with previous works
from the Jaisalmer Basin (234 species; pooled dataset)
reveals striking results with few common species (at
most 12). The most likely reasons for this dissimilarity
could be due to

a) lack of taxonomic standardization,

b) differences in sampling resolution and

¢) that the Jaisalmer benthic foraminiferal fauna is ex-
ceedingly diverse.

Interestingly, in the adjacent Kachchh Basin, in
spite of higher sampling resolution (279 samples in-
stead of 135), the pooled dataset (BHALLA & ABBAS
1978; PANDEY & Dave 1993; TaLiB & Gaur 2008; GAUR
& TaLiB 2008) yielded only 148 species and 44 genera
and both basins are dominated by the same families
of Vaginulinidae (33.1%), Nodosariidae (12.2%), Litu-
olidae (10.8%), Epistominidae (10.8%) and Lagenidae
(0.7%). The only difference is the higher percent-
age of Epistominidae, which is expected because the
Kachchh area belongs to a deeper depositional regime
(FursicH et al. 1991, 1992).

However, in contrast to this strong similarity on
family-level, only 11 species are common even when
such a large dataset of the entire Kachchh Basin (Ba-
jocian-Late Tithonian) is compared (BHALLA & ABBAS
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Basin

1978; PANDEY & DAVE 1993; TAaLIB & GAUR 2008; GAUR
& TaLiB 2008).

Genera-wise, for both basins (Jaisalmer and
Kachchh) the distribution is equitable with none of
the genera exclusively dominating the assemblages
(Fig. 9), thus indicating more or less similar bottom
conditions, with differences largely due to depth; the
deep-dwelling Epistomina being distinctly more com-
mon in the Kachchh Basin (Figs. 9-10). Contrary to
this similarity at family- and genus-level, the specific
distribution is strikingly different (as indicated by the
presence of very few common species). This differ-
ence may well be a reflection of the marginal setting, a
greater brackish-water influence, and shallower depths
encountered for the Jaisalmer Basin (~50 m) as com-
pared to the Kachchh Basin (~200 m; FursicH et al.
1991, 1992).

7. Species diversity and sea level changes

The inferred local sea level suggests continued to in-
crease since the Bajocian with a maximum transgres-
sion in the Early Oxfordian, followed by a steep re-

gression until the Early Kimmeridgian, then by a sud-
den transgression in the latest Kimmeridgian and a re-
gressive phase in the Tithonian (Fig. 8). Interestingly,
in the adjacent Kachchh Basin, a maximum flooding is
also noted during the Oxfordian (FURrsicH et al. 2005)
and the subsequent deposition of sandy sediments for
the post-Oxfordian (until Albian) interval. A similar
trend is even noted at the global level (Haq et al. 1987,
HarrLam 1988, 1990; SaAnDovAL et al. 2001).

Of the three highest benthic foraminiferal diver-
sities noted for the Jaisalmer Basin, the one with an
upward-trend starting from the Late Bathonian to the
Early Oxfordian parallels sea level increase and is also
marked by the dominance of calcareous forms indicat-
ing deeper conditions (Fig. 8). The other two diversity
maxima are located in the Middle Bathonian and in
the Kimmeridgian. These are essentially regressive
phases in a shallow setting with increasing freshwa-
ter influence (Middle Bathonian) and brackish-marine
conditions (Kimmeridgian), but marked by the domi-
nance of calcareous and agglutinated species, respec-
tively. This suggests that probably in shallow brackish
or freshwater-dominated settings, the dominance of
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calcareous forms may not be a good indicator of deep-
er bathymetry (Fig. 8). A more detailed analysis from
the adjacent Kachchh Basin may yield some clues to
this anomaly.

8. Conclusion

Based on the data presented here, it appears that at
Jaisalmer, sea level-influenced facies deposition and
both in turn in a shallow marginal epicontinental set-
ting governed the distribution of species. Further, the
benthic foraminiferal diversities observed here by sam-
pling bed-by-bed are largely governed by local basinal
conditions but at the stage- (i.e. Bathonian, Callovian,
etc.) and family-level by global eustasy. This might
also explain the strong species differentiation between
the Jaisalmer and Kachchh basins. But the increas-
ing similarity at the family- and genus-levels (that are
long-ranging and transgress several stages) is likely a
reflection of large-scale changes in global eustasy. A
brief oberview on the depositional and faunistic events
within the Jaisalmer Basin is presented in Fig. 11.
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