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Abstract

The siliciclastic Jhuran Formation of the Kachchh Basin, a rift basin bordering the Malagasy Seaway, documents the fill-
ing of the basin during the late syn-rift stage. The marine, more than 700-m-thick Tithonian part of the succession in the
western part of the basin is composed of highly asymmetric transgressive-regressive cycles and is nearly unfossiliferous
except for two intervals, the Lower Tithonian Hildoglochiceras Bed (HB) and the upper Lower Tithonian to lowermost Cre-
taceous Green Ammonite Beds (GAB). Both horizons represent maximum flooding zones (MFZ) and contain a rich fauna
composed of ammonites and benthic macroinvertebrates. Within the HB the benthic assemblages change, concomitant with
an increase in the carbonate content, from the predominantly infaunal “Lucina” rotundata to the epifaunal Actinostreon
marshii and finally to the partly epifaunal, partly infaunal Eoseebachia sowerbyana assemblage. The Green Ammonite Beds
are composed of three highly ferruginous beds, which are the MFZ of transgressive-regressive cycles forming the MFZ
of a 3rd-order depositional sequence. The GAB are highly ferruginous, containing berthieroid ooids and grains. GAB I is
characterized by the reworked Gryphaea moondanensis assemblage, GAB II by an autochthonous high-diversity assemblage
dominated by the brachiopods Acanthorhynchia multistriata and Somalithyris lakhaparensis, whereas GAB 111 is devoid
of fossils except for scarce ammonites. The GAB are interpreted to occupy different positions along an onshore—offshore
transect with increasing condensation offshore. Integrated analyses of sedimentological, taphonomic, and palaecoecological
data allow to reconstruct, in detail, the sequence stratigraphic architecture of sedimentary successions and to evaluate their
degree of faunal condensation.
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Introduction

In sequence stratigraphic terminology, a maximum flooding
surface/zone is marking the end of shoreline transgression
(Catuneanu 2000), i.e., it marks the position of the seafloor
furthest away from the coastline during a cycle of fluctuat-
ing sea level. As a result, the sediments deposited in these
areas are generally characterized by a comparatively small
grain size, a reduced siliciclastic influx, commonly associ-
ated with the formation of synsedimentary iron minerals
such as glauconite, which are thought to be the result of
submarine weathering (Heim 1934; Odin and Matter 1981).
Compared to beds above and below, such sediments are
often condensed, that is they represent environments and
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organisms telescoped into a comparatively thin sediment
unit (F6llmi 2016). In particular, fossil relicts preserved in
such beds are excellent tools to identify their nature. They
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provide biostratigraphic evidence, for example when in
extreme cases ammonites representing different zones are
preserved side by side (e.g., Wendt 1970), but also their
taphonomic and palaeoecological traits may supply criti-
cal information (e.g., Kidwell 1989, 1991; Kidwell and
Bosence 1991; Abbott 1997; Brett 1998; Fiirsich and Pan-
dey 2003; Archuby and Fiirsich 2010). The present paper
focuses on the latter features in an attempt to explore their
environmental and sequence stratigraphic significance. The
two examples from the Tithonian part of the Jhuran For-
mation of the Kachchh Basin are rich in ammonites and
benthic macrofauna. In this respect, they drastically dif-
fer from the remaining part of the formation in the study
area, in which ammonites and any benthic macrofauna are
scarce. Discussing the common features of, and the dif-
ferences between, the two examples and combining them
with the ichnological and sedimentological evidence leads
to a precise characterization of maximum flooding zones
exhibiting typical condensation features in comparatively
shallow shelf positions.

Geological overview and stratigraphy

The Kachchh Basin is a small E-W oriented pericratonic
rift basin at the western margin of the Indian Plate, fac-
ing the so-called Malagasy Gulf and filled with an at least
3000-m-thick Upper Triassic to Lower Cretaceous sediment
package (e.g., Biswas 1980, 2016). The basin started to
form in the Triassic when red beds were deposited. During
the Early Jurassic, the sea advanced into the basin several
times, documented by Pliensbachian and Toarcian marine
nannofossils occurring reworked in younger beds (Rai and
Jain 2013) and by marine to brackish bivalves, gastropods,
and corals intercalated between non-marine coastal plain
deposits (Pandey et al. 2002; Fiirsich et al. 2013). From the
Bajocian onwards, shallow marine conditions prevailed at
least in the central parts of the basin (exposed in several
domal structures of the so-called Kachchh Mainland) and
persisted until the early Cretaceous (Fiirsich et al. 2020).
By that time much of the basin had become infilled with
predominantly siliciclastic sediments prograding mainly
from the east (e.g., Alberti et al. 2019), to a lesser extent
also from the north.

The two fossil-rich units at the focus of this study occur
in the western part of the basin (Fig. 1), in the Tithonian
part of the Jhuran Formation as is evidenced by ammo-
nites. The Kimmeridgian—Lower Cretaceous Jhuran For-
mation (formerly called Katrol and Umia formations) is a
siliciclastic unit, the marine character of which increases
from east to west towards the Malagasy Gulf. The Jurassic
part of the formation comprises several members (Fig. 2).
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Fig. 1 a Simplified geological map of Kachchh, Gujarat. b Sketch of
India. The rectangle denotes the area covered in (a). ¢ Positions of
the localities of the Hildoglochiceras Bed (HB I-V) and of the Green
Ammonite Beds north of Lakhapar village (GAB I and GAB IIA to
C), north of Mundhan village, and east of Katesar temple. The posi-
tion of GAB I is the same as that of GAB IIB

These members differ from those proposed by Biswas
(1980), because they allow a better characterization of the
sedimentary succession but still await formal description
(Fiirsich et al., in prep.). The lower of the two condensed
units, the so-called Hildoglochiceras Bed, is Early Titho-
nian in age (Pandey et al., submitted) and occurs in the
informal Shivparas Siltstone member. The upper unit, the
Green Ammonite Beds, forms most of the Umia Ammonite
member and is late Early Tithonian to early Berriasian in
age. Due to its high fossil content and wide lateral exten-
sion, it is a distinct marker bed and has been known since
the late nineteenth century. The Hildoglochiceras Bed, in
contrast, has only recently been discovered. It is character-
ized by a high carbonate content, which is unique in the
Jhuran Formation, whereas the Green Ammonite Beds are
rich in iron minerals such as berthieroid ooids and grains.
The most outstanding feature of the two units is their rich
benthic macrofauna in contrast to the rest of the Jhuran
Formation.
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Fig. 2 Tithonian lithostratigraphy of the western Kachchh Basin with
positions of the Hildoglochiceras Bed (HB) and the Green Ammonite
Beds (GAB I-III). Note that the names of members are still informal
(Fiirsich et al. in prep.). Cr., Cretaceous

Table 1 Coordinates of the Hildoglochiceras Bed and the Green
Ammonite Beds in the northwestern Kachchh Basin

Hildoglochiceras Bed
HB1 N23°43'35" E68°57'55.1"
HB II N23°43'43" E68°57'54"
HB 11T N23°43'46.7" E68°57'53.7"
HB IV N23°43'47.8" E68°57'51.3"
HBV N23°43'49" E68°57'50"
Green Ammonite Beds
GAB 1A N23°43'17.4" E68°57'32.6"
GABIIB, GAB 1 N23°43'08.8" E68°57'32.1"
GAB IIC N23°43'04.5" E68°57'35.4"
GAB Mundhan N23°46'08.8" E68°55'38.2"
GAB Katesar N23°46'18.8" E68°53'35.1"

Materials and methods

Detailed sections have been measured through the
Hildoglochiceras Bed (HB) in the SW part of the Jara
Dome (Fig. 1). The horizon, which laterally could be
traced for 470 m, has been repeatedly sampled at five
localities (Table 1). Outcrop conditions are poor due to the
recessive nature of the bed and the presence of some faults
(Fig. 3a). For this reason, sections could be measured only
at two of the localities. Moreover, no levels within the bed
could be sampled at high resolution, and all material col-
lected was weathered out from the largely unconsolidated

rock so that a certain degree of artificial time-averaging
could not be avoided. Statistical collections could be made
at localities HB I-III, whereas at localities IV and V the
abundance of taxa was evaluated semi-quantitatively in
four categories (r, rare; o, occurring; ¢, common, and a,
abundant), as the number of specimens was too low to be
statistically meaningful.

In the case of the Green Ammonite Beds (GAB) outcrop
conditions were very good (Fig. 3b). The GAB consist of
three beds (I-1I1), separated by argillaceous-silty interbeds.
The uppermost one is unfossiliferous except for very rare
ammonites so that only GAB I and II have been bulk-sam-
pled. Sampling of the benthic macrofauna involved counting
in the field and identification of fossils in the laboratory,
after the specimens had been cleaned and mechanically pre-
pared. Lithological information obtained in the field was
supported by the study of thin-sections under the binocular
microscope. In the case of bivalves and brachiopods, the
number of individuals has been calculated by adding to the
number of articulated shells the number of right/pedicle
valves as opposed to left/brachial valves (whichever num-
ber was larger), and the number of single valves divided by
two. Shell-encrusting serpulids have been counted as one
individual per shell and the few decapod claws, echinoid
plates, and crinoid ossicles have also been counted as a sin-
gle individual each.

Features of the two maximum flooding
zones

The Hildoglochiceras Bed
Lithological features

The Hildoglochiceras Bed is the only carbonate-rich hori-
zon within the 715-m-thick siliciclastic Kimmeridgian to
Lower Cretaceous Jhuran Formation. It occurs 357 m above
the base of the formation (Fig. 4), has a thickness of 1.5 m
(Fig. 4), and can be traced for about 470 m along strike.
It forms the top of a 12-m-thick coarse-grained sandstone
with remains of large-scale trough stratification and encom-
passes also an overlying 1-m-thick sandy bioclastic marl
unit. The upper boundary of the bed is sharp. The lower
boundary differs in character between the two sections
(HB I and II), where it could be measured. In HB I its base
has been placed at a very irregular ferruginous crust that
exhibits a pronounced relief reminiscent of a karst topog-
raphy but the lithology of the rock below this crust does
not drastically differ from that above (Figs. 4, 5a). Within
decimetre-deep narrow cavities, traced by the ferruginous
crust, vertically arranged elongated wood pieces are found,
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Fig. 3 Field photographs of (a) the Hildoglochiceras Bed (marked with an asterisk) and (b) the Green Ammonite Beds north of Lakhapar. The
photograph in (b) was taken more than 20 years ago. At present much of the area is covered by dense thorny shrubs

which indicate that the ferruginous crust is not a diagenetic
but a primary feature. At locality HB II, the base of the bed
has been drawn at the top of a 2-m-thick decalcified fer-
ruginous medium-grained sandstone (Fig. 4), whereas its top
is not exposed. The lateral extent of this emersion horizon
could not be established due to faulting and poor outcrop
conditions. In HB 1, the light-grey sandy marl at the top is
followed by dark-grey argillaceous silt with claret-coloured
iron concretions.

Lithologically, the bed is composed of two parts; a lower
part consisting of rubbly coarse-grained micritic sandstone
and an upper part consisting of marl with numerous scat-
tered fine to coarse quartz grains. Due to intense bioturba-
tion, the boundary between the two parts is very diffuse, and
the abundance of the coarse quartz grains decreases towards
the top. The quartz grains are very poorly sorted (Fig. 6a).
Large grains are subrounded to well rounded, whereas small
grains are angular to subangular. Apart from quartz, grains
rarely consist of rounded rock fragments (sandstones and
metamorphic rocks). Bioclasts include bivalve and echino-
derm fragments. In microfacies terms, the rock is a sandy
bio-wacke to floatstone (sandy allochem limestone sensu
Mount 1985). The lack of bedding planes and the irregular
distribution of micrite and coarse quartz grains are signs that
the HB has been thoroughly bioturbated, except possibly for
its uppermost part (see below). Recognizable trace fossils
include the crustacean burrows Thalassinoides in two size
classes (1-1.5 cm and 2.5-3 cm in diameter) and fragments
of Gyrolithes isp. In thin-sections, small (diameter 1-2 mm)
oblique to subhorizontal cylindrical burrows filled with silt-
sized quartz grains and exhibiting a distinct backfill structure
are common. Shells of ammonites, nautiloids and a number
of benthic macroinvertebrates are common and represent a
moderately diverse fauna. Wood fragments, up to 10 cm in
length and commonly bored by the bivalve Turnus, occur

@ Springer

locally. At HB I, the sandy bioclastic wackestone immedi-
ately below the ferruginous crust that forms the base of the
Hildoglochiceras Bed is very similar in lithology but con-
tains abundant cm-sized irregular cavities filled with several
generations of sparite (Fig. 6b, c).

Age

The age of the HB can be determined by the presence of
ammonites (above all Hildoglochiceras kobelliforme (Bon-
arelli 1893) and H. kobelli (Oppel 1863); less common are
Haploceras staszycii (Zeuschner 1846), Taramellicerati-
nae gen. and sp. indet., Aulacosphinctoides sp., and Vir-
gatosphinctes s.1. Accordingly, the bed has been placed in
the lower part of the Early Tithonian albertinum/darwini
Zone (Pandey et al., submitted). The Hildoglochiceras Bed
should not be confused with a Hildoglochiceras-bearing
horizon described by Pandey et al. (2016), which occurs
stratigraphically much higher in the Katesar section further
west.

Benthic macrofauna

Taphonomic features The shelly macrobenthos of the HB
is moderately well-preserved. Originally aragonitic shells of
bivalves and gastropods are preserved in calcite, but some
specimens lost their shell during weathering. Shell orna-
mentation is usually well-preserved, and signs of abrasion
are rare. Infaunal bivalves and brachiopods are usually artic-
ulated, whereas the majority of epifaunal and endobyssate
bivalves occur as single valves. The number of encrusted
shells (2.5 to 14.1%) and bored shells (0.8 and 2.1%) is low
(Fig. 7). Shell fragments are common but usually small.
Large bivalve shells became mostly fragmented during
weathering.
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Fig.4 Detailed sections through the Hildoglochiceras Bed at localities HB I and HB 1I and its sequence stratigraphic interpretation

@ Springer



7 Page6of27

Facies (2021) 67:7

Fig.5 Details of the Hildoglochiceras Bed (a, b) and the Green
Ammonite Beds (c, d). a An iron crust (dashed line) traces the highly
irregular lower boundary of the Hildoglochiceras Bed at locality
HB I. Note the vertically arranged wood piece (arrowed) in a cavity
filled with sediment of the Hildoglochiceras Bed. The boundary is
interpreted as a karst surface, corresponding to a sequence boundary.

Faunal composition Bivalves are by far the dominant fau-
nal element accounting for 84-96% of the individuals, fol-
lowed by gastropods, serpulids, echinoids, crinoids, and
calcisponges. They dominate also in terms of taxa consti-
tuting 47 of altogether 67 taxa (Fig. 7, Table 2). The fauna
represents a variety of guilds such as epibyssate forms (e.g.,
Oxytoma, Chlamys, Spondylopecten, Megacucullaea),
cemented forms (e.g., the oysters Nanogyra, Actinostreon,
Liostrea, and serpulids), free recliners able to swim for short

@ Springer

Hammer for scale. b Flipper of an ?ichthyosaur; HB III. ¢ Top sur-
face of the Green Ammonite Bed I at Mundhan with scattered coarse
quartz grains and granules. The burrow seen in the lower right quad-
rangle is probably Thalassinoides isp. d Lenticle of Gryphaea moon-
danensis; GAB I, Mundhan

distances (Entolium), endobyssate forms (e.g., Gervillella),
shallow burrowers (trigoniids; e.g., Rhinetrigonia retrorsa,
Fig. 8c), deep burrowers (e.g., ‘Lucina’, Pholadomya, Pleu-
romya), infaunal mobile (Rollieria) and epifaunal mobile
forms (gastropods), and wood borers (Turnus) (Fig. 8b). In
terms of trophic groups, suspension-feeders dominate (bra-
chiopods, serpulids, sponges, crinoids, nearly all bivalves),
but at locality HB I the likely chemosymbiotic ‘Lucina’
rotundata (Fig. 8d) accounts for more than half of all indi-
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Fig.6 Photomicrographs of the Hildoglochiceras Bed (a-c) and
the Green Ammonite Beds (d—f). a Poorly sorted, sandy, bioclastic
argillaceous wackestone with rare ferruginous grains, HB I. b, ¢ Dif-
ferent cement generations filling a highly irregular cavity in the bed
immediately underlying the Hildoglochiceras Bed, interpreted as dis-
solution cavities, HB I. d, e Coarse quartz grains and scattered rock
fragments, partly grain-supported, partly floating in a ferruginous

bioclastic mudrock. GAB I, Lakhapar section. f, g Bioclastic wacke-
to packironstone with an oxyhydroxide mudrock matrix. Many of
the berthieroid ooids are partly replaced by Fe-oxyhydroxide at their
margins. Most bioclasts are of echinoderm or bivalve origin. GAB II,
Lakhapar section. h Silty to fine-sandy mudrock with scattered berth-
ieroid ooids and grains and ferruginized bioclasts. GAB II, Mundhan
section
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Fig.7 Ecological features (mode of life, trophic groups, encrusta-
tion, boring) of the benthic macrofauna of the Hildoglochieras Bed at
localities HB I to III. The asterisks indicate that these values are most
likely underestimations
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Table 2 Taxonomic and guild composition of the Hildoglochiceras

Bed

Trophic group Mode of life

Plants
Wood fragments
Nekton
Belemnites
Paracenoceras sp.

Haploceras elimatum (Oppel)

Haploceras deplanatum Waagen
Hildoglochiceras kobelli (Oppel)
Taramelliceratinae gen. et sp. indet

Virgatosphinctes s.1. sp.

Ichthyosaur rib fragments and
vertebrae

Macrobenthos
Sponges
Calcisponge A
Calcisponge B

Annelids

Serpula (Cycloserpula) cf. intesti-

nalis
Serpula (Cycloserpula) sp.
Serpula (Dorsoserpula) sp. A
Serpula (Dorsoserpula) sp. B
Arthropods
Decapod claw
Gastropods
Bathrotomaria sp.
Leptomaria sp.
Oolitica? sp.
Proconulus sp.
Eucyclus sp.
Bivalves
Nuculana (Rollieria) meriani
Grammatodon (Gr.) sp.
Megacuccullaea eminens
Meleagrinella echinata
Meleagrinella sp. A
Oxytoma inequivalve
Placunopsis fuersichi
Pinna sp.

Gervillella sp.

Spondylus (Spondylus) jumaraensis

Spondylopecten (Plesiopecten)
subspinosus

Entolium corneolum
Chlamys textoria
Radulopecten fibrosus
Radulopecten moondanensis
Integricardium bannesianum

Nicaniella sp.

SC

h/d
h/d
h/d
h/d
h/d

€C
€C

€C

€C
€C

€C

€m

em
em
em
em
em

sb/m
eb
eb
eb
eb
eb
ec
si
si
ec
eb

er
eb
eb
eb
sb
sb
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Table 2 (continued)

Trophic group Mode of life

Neocrassina compressa S sb
Seebachia (Eoseebachia) sowerbyana s sb
Seebachia (Eoseebachia) elongata S sb
Inoperna khadirensis S si
Inoperna perplicata S si
Liostrea sp. A S ec
Liostrea sp.B S ec
Nanogyra nana S ec
Praeexogyra sp. S ec
“Rastellum” sp. S ec
Actinostreon marshii s ec
Ctenostreon proboscideum S eb
Plagiostoma schimperi S eb
Pseudolimea duplicata S eb
“Lucina” rotundata c db
Shallow-burrowing heterodont S sb
Vaugonia (Orthotrigonia) sp. S sb
Trigonia (Trigonia) sp. S sb
Trigonia (Trigonia) fenuis s sb
Frenguelliella cf. kheraensis s sb
Opisthotrigonia retrorsa S sb
Turnus sp. d wb
?Pachymya (Arcomya) sp. S db
Pholadomya (Ph.) sp. A s db
Pholadomya (Ph.) cf. inornata S db
Pholadomya (Ph.) cf. aequalis s db
Pholadomya (Bucardiomya) sp. s db
Pleuromya uniformis s db
?Homomya sp. s db
Anomalodesmatan bivalve gen. et s db
Sp. nov
Brachiopods
Terebratulid s ep
Rhynchonellid S ep
Echinoderms
Cidaroid spines and plates h/d em
Pseudodiadema sp. h/d em
Rhabdocidaris sp. h/d em
Irregular echinoid h/d im
Pentacrinites sp. (ossicles) S ec
Stemless crinoid calyx s ec

Mode of life: eb epibyssate, ec epifaunal, cemented, er epifaunal,
reclining, ep epifaunal, pedicle attached, wb wood-boring, si semi-
infaunal, sb shallow-burrowing, db deep-burrowing, em epifaunal,
mobile, im infaunal, mobile. Trophic group: s suspension-feeding, d
deposit-feeding, i/d herbivorous/feeding on plant detritus, sc scaven-
ger, ¢ chemosymbiotic

viduals. Mobile herbivores/detritus feeders are represented
by gastropods and echinoids, infaunal deposit feeders by the
rare bivalve Rollieria and the scaphopod Laevidentalium.
Several decapod claws indicate the presence of scavengers.
The wood-boring Turnus was feeding on drift wood, con-
structing short tunnels (Fig. 8b).

Some shells are encrusted by the small oyster Nanogyra,
whereas the large oyster Actinostreon marshii (Fig. 8a)
encrusted shells of the same species (auto-encruster), com-
monly forming small clusters. Only few shells are bored by
acrothoracican barnacles (Rogerella isp.), phoronids (7al-
pina isp.), and an unknown organism producing small cylin-
drical holes (Oichnus isp.).

Lateral and vertical faunal changes Considering that the HB
could be followed for only half a kilometre and that the dis-
tance between sections ranges from 50 to 257 m, the lateral
changes in faunal composition and the relative abundance
of taxa are quite striking. For example, ‘Lucina’ rotundata
is quite abundant at locality HB I, rare at HB II and absent
from HB III to V (Fig. 9). The large, plicate oyster Actinos-
treon marshii is the most abundant species at HB II, rare at
HB I and occurring at HB III. The presence of the wood-
boring bivalve Turnus is tied to the presence of wood pieces,
which are most abundant at HB I, III, and IV (Fig. 10).

Benthic assemblages The samples from the different locali-
ties do not represent the same level in the 1.5-m-thick bed,
as exposures and weathering of the different levels varied
along the outcrop belt. For example, the sample dominated
by “Lucina” at HB I is from a lower level than those of the
other localities, where the content of coarse quartz grains is
lower and the marl content higher.

The “Lucina” rotundata assemblage is strongly domi-
nated by the name-giving species, and infauna (more than
70%) is, therefore, the dominant guild (Table 3). The spe-
cies presumably was a deep-burrowing chemosymbiont
like many other members of the family (e.g., Stanley 2014;
Hryniewicz et al. 2020). They are nearly exclusively pre-
served as articulated specimens, and this is also true of other
infaunal taxa such as Pholadomya and of the semi-infaunal
Inoperna. This documents that they are at least parautoch-
thonous, if not autochthonous. Only 28.1% of the individuals
lived on the substrate such as the byssate bivalves Plesio-
pecten, Plagiostoma, Meleagrinella and small brachiopods,
and 31.5% of the individuals were suspension-feeding. Large
wood pieces are commonly bored by the bivalve Turnus
(Fig. 8b). If this bivalve colonized the wood pieces, while
they were still floating, it is not a member of the benthic
community. Alternatively, Turnus could have bored the
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Fig. 8 Characteristic fossils of the Hildoglochiceras Bed. a Actinostreon marshii (J. Sowerby, 1820). b Turnus sp., boring in wood. ¢ Rhinetrigo-

nia retrorsa (Kitchin 1903). d “Lucina” rotundata (Roemer, 1836)

driftwood after it had settled on the sea floor. Which inter-
pretation is correct cannot be decided. Due to the dominance
of infaunal taxa and the small size of most epifaunal taxa,
only few individuals have been bored (0.8%) or encrusted
(2.5%) (Table 4).

At HB II, the oysters Actinostreon marshii (Fig. 8a),
Nanogyra nana, and Liostrea sp. account for nearly three-
fourth of the individuals (Table 3). This Actinostreon mar-
shii assemblage is strongly dominated by suspension-feeding
cementing taxa (77.5%), whereby the large Actinostreon
forms small clusters, which are occasionally encrusted by
Nanogyra. Epifauna accounts for 94% (apart from the oys-
ters, byssate forms such as Pseudolimea, Plagiostoma and
Radulopecten), the rest consisting of occasional shallow-
burrowing (Eoseebachia, Protocardia) and rare deep-bur-
rowing bivalves (Pholadomya). Only 10.3% of the Actinos-
treon are encrusted and even less (0.9%) are bored. In reality,
these values are probably higher, because many individuals
of the large Actinostreon are only preserved as fragments so
that not the complete shell could be searched for epi- and
endobionts.

Localities HB III to V are characterized by yet another
assemblage, in which the large shallow burrower Seebachia
(Eoseebachia) sowerbyana is the most prominent faunal
element. Only locality HB III provided a statistical sample
(Table 3). The Eoseebachia sowerbyana assemblage con-
tains also many elements of the Actinostreon marshii assem-
blage and in addition to bivalves also serpulids, gastropods,
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echinoids, sponges, and brachiopods. Nearly all individuals
are suspension-feeders (96.9%), the rest detritus feeders. In
terms of life habits, 65% of the faunal elements were epifau-
nal, 32.9% infaunal, and 2.7% semi-infaunal. Only 2.1% of
the specimens were bored by acrothoracicans or question-
able clinoid sponges, but 14.1% were encrusted by serpulids
and Nanogyra. The small oyster formed clusters and so did
Actinostreon marshii. Most of the large Eoseebachia sow-
erbyana were articulated and none was encrusted or bored
suggesting that they never became exhumed. Turnus-bored
wood pieces are common at HB IV. In HB III, vertebrate
remains occur, probably of ichthyosaur origin. Apart from
vertebrae and a rib fragment, they include an articulated
flipper (Fig. 5b). The latter suggests that bioturbation by
burrowers such as crustaceans no longer played a promi-
nent role in the uppermost part of the Hildoglochiceras Bed.
This assemblage probably represents a slightly higher strati-
graphic level than the Actinostreon marshii assemblage.
The species diversity between localities varies greatly
(Fig. 10): At HB I 25 taxa occur, at HB II 20, but at HB
III 49. This variation partly reflects differences in the sam-
ple size, which in turn is related to differences in outcrop
size and weathering between localities. Apparently, spe-
cies diversity also changes between different levels of the
Hildoglochiceras Bed. HB 111, which exhibits the highest
diversity, is the stratigraphically highest level sampled and
probably represents the greatest degree of faunal condensa-
tion judging from the reduced siliciclastic input. Therefore,
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Fig. 10 Sample size, number of taxa, abundance of nektonic/nekton- » Hildoglochiceras Bed (HB)
benthic faunal elements, wood pieces, and of several common benthic | — 257— ] —121— Il — 77— [\ 50— \Y
macroinvertebr?tes in the Hildoglochiceras Bed at localities HB I-V. 200+
7 rare, 0 occurring, ¢ common n specimens
100+
it can be expected to have experienced the highest degree
of time-averaging, which would explain the high-diversity 0
value. 50~ _
40+ n species
The Green Ammonite Beds 301
20+
Lithological features 10+
0
The Green Ammonite Beds (GAB), also called Umia €1 ) )
. . . Hildoglochiceras
Ammonite Beds, constitute a well-known marker horizon
that can be traced from Katesar in the west to beyond NNE 01
of Lakhapar (Fig. 1), for a distance of more than 10 km, o
before it is lost at a fault. The GAB are best exposed NNE
of the village Lakhapar (Fig. 1c), where it can be traced for 7 nautiloids
several hundred metres, and the following information and
discussion mainly refers to this outcrop (localities A—C), 1
with additional information from Mundhan and Katesar o] - -
(Fig. 11). The lithology and composition of the benthic mac-
rofauna changes only little laterally. Generally, the GAB are 1 belemnites

characterized by a high iron content and fossil abundance,
in particular ammonites but also benthic macroinverte-
brates. The horizon is not a single bed, but consists of three
brown highly ferruginous muddy sandstone and mudrock
units (GAB I, II, and III; Fig. 11), which are separated by 7
silty clay to fine-sandy silt intervals. The latter usually are
grey in colour but at the two western localities (Mundhan,
Katesar) contain red-brown ferruginous concretions and
are partly olive-grey. The ferruginous sandstones are very
poorly sorted with a fine-sandy ferruginous mudrock matrix

wood pieces

" —1 —1

601

‘Lucina‘ rotundata

and scattered coarse to very coarse quartz grains that are 501
commonly very well rounded (Fig. 6d). At the Lakhapar 401
locality, GAB II and III lack coarse quartz grains and GAB % 307
III is unfossiliferous except for very rare ammonites. 207
At the Lakhapar localities, GAB 1 is a very coarse-grained 101
sandstone with scattered quartz granules and a ferruginous 0
mudrock matrix (Fig. 6e). The quartz grains are subrounded 501 Actinostreon marshii
to rounded and the amount of matrix varies so that the fabric 407
varies between matrix- and grain-supported. Areas devoid % 301
of quartz grains are the remnants of burrows. Some gran- 201
ules are rounded rock fragments (sandstone, metamorphics). 109 I l—‘
Bioclasts are common and concentrated in nests. Most are 0
bivalve fragments with rounded edges. In addition, gastro- 507 Nanogyra nana
pods, echinoid spines, and foraminifera tests occur. Some 407
shell fragments exhibit microbial/algal borings, and some % 22:
are strongly bioeroded. They are invariably recrystallized 10l
and often heavily ferruginized. Ferruginous ooids, 0.5 mm o l_\

in diameter, occur in small clusters, but are generally rare.
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Table 3 Dominant taxa, faunal composition, life habits and feed-
ing modes of the benthic macrofauna of the Hildoglochiceras Bed at
localities HB 1, II, and III. rel.%, relative abundance

HB I rel. %
121 individuals; 25 taxa

‘Lucina’ rotundata 57.8
Nanogyra nana 9.1
Turnus sp. 7.4
Liostrea A and B 4.1
Spondylopecten (Plesiopecten) subspinosus 33
Meleagrinella echinata 2.5
Actinostreon marshii 2.5
Bivalves 94.4
Brachiopods 1.6
Gastropods 0.8
Echinoderms 0.8
Serpulids 0.8
Decapods 0.8
Calcareous sponges 0.8
Chemosymbiotic 57.8
suspension-feeders 31.5
Detritus/deposit feeders 2.5
Infauna 71.1
Epifauna 28.1
Semi-infauna 0.8
HB II rel. %

116 individuals; 20 taxa

Actinostreon marshii 36.2
Nanogyra nana 31.9
Liostrea A and B 6.0
Plagiostoma schimperi 4.3
Pseudolimea duplicata 2.6
Serpula (Dorsoserpula) sp. 2.6
Meleagrinella echinata 1.7
Bivalves 94.7
Serpulids 2.6
Calcareous sponges 0.9
Decapods 0.9
Echinoderms 0.9
Suspension-feeders 974
Detritus/deposit feeders 1.7
Chemosymbiotic 0.9
Epifauna 94.0
Infauna 43
Semi-infauna 1.7
HB III rel. %

191 individuals; 48 taxa

Seebachia (Eoseebachia) sowerbyana 17.8
Nanogyra nana 17.3
Actinostreon marshii 9.9
Serpula (Cycloserpula) sp. 6.3

Table 3 (continued)

HB III rel. %
191 individuals; 48 taxa

Serpula (Dorsoserpula) sp. 3.7
Liostrea sp. A 3.1
Integricardium bannesianum 3.1
Megacucullaea eminens 2.6
Frenguelliella cf. kheraensis 2.6
Meleagrinella sp. A 2.6
Opisthotrigonia retrorsa 2.1
Bivalves 83.8
Serpulids 11.0
Gastropods 2.1
Echinoderms 2.1
Brachiopods 0.5
Calcareous sponges 0.5
Suspension-feeders 96.9
Detritus/deposit feeders 3.1
Epifauna 65.0
Infauna 32.9
Semi-infauna 2.7

Large oysters are concentrated in a 10 to 20-cm-thick shell
bed. Wood fragments are rare.

GAB II, in contrast, is a 170-cm-thick beige to light-
brown Fe-oolitic ferruginous mudrock in two layers
(Fig. 11). The nuclei of the elongated, well-sorted berthi-
eroid (berthierine/chamosite; Young 1989) ooids are bio-
clasts or quartz grains. The fabric is partly matrix-supported,
partly grain-supported (Fig. 6h). The irregular distribution
of ooids is due to bioturbation. Small ferruginous mudrock
granules (1-3 mm in diameter) occur as do larger intrafor-
mational pebbles (3—-5 cm) of the same material. Berthi-
eroid ooids and bioclasts often are partly replaced by iron
oxyhydroxide. In the case of ooids, this replacement started
from the outside and is very irregular, giving the impres-
sion that the ooids are partly corroded or bioeroded (Fig. 6f,
g). Bioclasts consist of bivalve fragments heavily bored by
microbial organisms, echinoid spines, other echinoderm
fragments, and benthic forams. Larger fossils occur scat-
tered. They are common only in the upper of the two layers.

At the Mundhan locality, 6.4 km further NW, GAB 1
and II are well exposed (Fig. 11). GAB I is a 50-cm-thick,
gravelly, ferruginous mudrock with very poorly sorted
quartz grains (Figs. 5c, 6d), which are well rounded (par-
ticularly the coarse grains) to subangular (many of the
smaller grains). The fabric is mainly mud-supported and
exhibits signs of strong bioturbation. In sheltered areas
below shells, the matrix is locally developed as a fine-sandy
biopackstone with benthic forams, bivalve fragments, and
rare Fe-ooids. This suggests that the ferruginous bioclastic
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Table 4 Taxonomic and guild composition of the Green Ammonite
Beds I and II

Trophic group Mode of life

Plants
Wood fragments
Nekton
Belemnites
Ammonites
Macrobenthos
Serpulids
Serpula (Cycloserpula) intestinalis s ec
Serpula (Dorsoserpula) sp. s ec
Gastropods
Onkospira sp. h/d em
Chartronella? sp. h/d em
Neritopsis sp. h/d em
Pseudamaura sp. h/d em
Obornella sp. h/d em
Leptomaria sp. h/d em
Bathrotomaria cf. dhosaensis h/d em
Scaphopods
Laevidentalium sp. d sb
Bivalves
Nuculoma sp. d im
Grammatodon sp. s eb
Megacucullaea eminens S eb
Entolium corneolum s er
Radulopecten fibrosus s eb
Radulopecten moondanensis S eb
Radulopecten cf. radians s eb
Chlamys (Chlamys) valoniensis s eb
Spondylopecten (Plesiopecten) s eb
subspinosus
Oxytoma inequivalve S eb
Pseudolimea duplicata S eb
Plagiostoma sp. A s eb
Plagiostoma sp. B s eb
Limatula sp. nov s eb
Pseudolimea duplicata S eb
Ctenostreon proboscideum S eb
Gervillella aviculoides s si
Exogyra tramauensis S ec
Liostrea cf. blanfordi S ec
Liostrea sp. A s ec
Liostrea sp. C s ec
Nanogyra nana s ec
Gryphaea sicula N ecler
Gryphaea moondanensis S ecler
Liostrea blanfordi S ec
Placunopsis fuersichi S ec
Integricardium bannesianum S sb
Seebachia (Eoseebachia) sowerbyana s sb
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Table 4 (continued)

Trophic group Mode of life

Neocrassina (N.) compressa S sb

Trigonastarte sp. A s sb

Herzogina weissermeli S sb

astartid? sp. A s sb

Anisocardia sp. A S sb

Venilicardia (Venilicyprina) sp. A S sb

Pronoella sp. A S sb

Pronoella n. sp. S sb

Quenstedtia? sp. S

Opisthotrigonia retrorsa S sb

Frenguelliella aff. tealei S sb

Frenguelliella cf. kheraensis S sb

Rinetrigonia ventricosa S sb

Pleuromya uniformis S db
anomalodesmatan n.g. n.sp. S db
Pholadomya (P.) aequalis S db

Brachiopods
Acanthorhynchia multistriata S ep
Somalithyris lakhaparensis S ep
Echinoderms

‘Pseudodiadema’ sp. h/d em
Irregular echinoid d im
phymasomatoid echinoid h/d em

Mode of life: eb epibyssate, ec epifaunal, cemented, er epifaunal,
reclining, ep epifaunal, pedicle attached, wb wood-boring, si semi-
infaunal, sb shallow-burrowing, db deep-burrowing, em epifaunal,
mobile, im infaunal, mobile. Trophic group: s suspension-feeding, d
deposit-feeding, 4/d herbivorous/feeding on plant detritus, sc scaven-
ger, ¢ chemosymbiotic

mudrock originally had been a carbonate, which has become
impregnated with iron hydroxide. Discernible burrows
are 10—12 mm in diameter and horizontal to oblique. The
lower 20 cm form a concentration of the oyster Gryphaea
(Fig. 5d). GAB 11, situated 9 m above, is a 120-cm-thick,
bedded, heavily bioturbated, highly ferruginous Fe-oolitic
mudrock with scattered fine quartz grains, scattered shells
and bioclasts, among them foraminifers. Shells are partly
replaced by iron hydroxide. The ooids are totally recrystal-
lized but some still show remnants of the original laminae.
Very commonly, the original ooid mineralogy has been
replaced by iron hydroxide. Flat silty micrite pebbles occur
near the base. Fossils (ammonites and macrobenthos) are
common only in the lowermost bed.

At Katesar, 3.5 km WNW of Mundhan, the ferruginous
succession is slightly coarser-grained (Fig. 11). GAB I a
10-cm-thick ammonite- and oyster-rich bed forming the top
of a slightly ferruginous, poorly sorted gravelly sandstone.
Likewise, GAB Il is a fossil-rich ferruginous siltstone with
scattered coarse quartz grains. GAB III is a poorly sorted,
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gravelly bioclastic sandstone. The well-rounded quartz
grains partly float in the ferruginous bioclastic mudrock.
Apart from large Gryphaea shells, which partly exhibit
microbial borings, small bivalve and terebratulid bioclasts
are common. Small intraformational ferruginous mudrock
clasts occur.

Age

Due to the abundance of ammonites, the age of the GAB
has been well-established (e.g., Bardhan et al. 2007;
Krishna et al. 1996; 2011; Pandey et al. 2016). The ammo-
nites represent the denseplicatus, microcanthum and fre-
quens zones of the late Early and the Late Tithonian. The
ammonites from Lakhapar discussed by Pandey et al.
(2016) had not been collected with sufficient stratigraphic
acuity so that the precise ammonite succession could not
be established at that locality. Renewed sampling in 2020
showed that GAB I represents the denseplicatus Zone and
GAB II the microcanthum Zone, whereas GAB I1I con-
tains in its lower part Substeueroceras alticostatum Imlay
of the uppermost Tithonian frequens Zone (pers. obs.), but
also Argentiniceras loncochensis (Steuer) and Spiticeras
cf. ducale (Matheron) of the basal Berriasian (Krishna
1991; Krishna et al. 1994).

Benthic macrofauna

The following account refers to the Lakhapar localities A—C,
where the faunal density was high enough for a statistical
treatment of the data, but cursory reference is made also to
the fossil content at the Mundhan and Katesar localities.

Taphonomic features GAB I and II distinctly differ with
respect to their taphonomic attributes. In GAB I shells are
loosely to densely packed. The dominant species, the oys-
ter Gryphaea, is only represented by randomly oriented left
valves. Of the other specimens about 15% are articulated, in
particular burrowing and endobyssate forms. Their distribu-
tion is somewhat patchy and occasionally they form lenticles
rather than a bed. The shells are commonly bored by acro-
thoracican barnacles, but rarely encrusted by Cycloserpula
and Nanogyra. In GAB 11, the fossil density is lower, patchy
and highest in the lower part of the upper layer. 14-37%
of the bivalves are articulated, as are nearly all of the bra-
chiopods. Between 0 and 1.6% of the shells are bored by
acrothoracican barnacles and only 0-0.6% are encrusted by
Dorsoserpula and Nanogyra. The deep-burrowing bivalve
Pholadomya is rare but generally occurs in growth position.
In both GAB I and II, shell preservation varies between
moderately good to very good, and the percentage of frag-
mentation is higher in GAB I than in GAB II.

Faunal composition The fauna of GAB I is strongly domi-
nated by bivalves (96.8%), with Gryphaea moondanensis
being the dominant species. GAB II (Table 6) is dominated
by the rhynchonellid brachiopod Acanthorhynchia multist-
riata, followed by the terebratulid Somalithyris lakhaparen-
sis. Bivalves (19-35%) are common, whereas gastropods
(0.5-1.6%), echinoids, serpulids, and scaphopods are rare
(Fig. 12).

Benthic assemblages The benthic assemblages of GAB 1
and II at Lakhapar differ distinctly both in species diversity
and composition, whereby all taxa of GAB I also occur in
GAB 11, but with different relative abundances (Fig. 12).

GAB I is characterized by the Gryphaea moondanensis
assemblage (Table 5). The name-giving taxon (Fig. 13b),
an oyster resting freely on the substrate after a cemented
early juvenile stage, accounts for 62% of all individuals,
followed by the shallow-burrowing Opisthotrigonia ret-
rorsa (Fig. 13d) and Herzogina weissermeli (Fig. 13c)
and the semi-infaunal Gervillia aviculoides (Fig. 13g).
Apart from bivalves, the only other benthic faunal group
is serpulids (3.2%). All faunal elements were suspension-
feeding, and nearly three-fourth of them lived as free
recliners, or as cemented or byssate forms on the sub-
strate. Gryphaea occurs in patches and small lenticles,
and is invariably disarticulated, whereby right valves are
extremely rare. Wood fragments are rare, and ammonites
occur scattered. Only 3.2% of the specimens are encrusted
by Nanogyra or Cycloserpula, but none are bored.

The same assemblage occurs further west, at Mund-
han, where left valves of Gryphaea moondanensis are
commonly bored by acrothoracican barnacles and rarely
encrusted with Liostrea. The lenticular oyster concentra-
tions occur at two levels, separated by 40 cm. Gryphaea
shells are all disarticulated and randomly oriented (con-
vex-up: convex-down: oblique valves =43:50:28). At
Katesar, still further west, the assemblage exhibits very
similar features, but apart from common acrothoracicans,
also questionable sponge (Entobia?) and phoronid bor-
ings (Talpina isp.) occur. Rare additional faunal elements
are the terebratulid Somalithyris lakhaparensis and the
bivalves Pholadomya (P.) sp., and Gervillella aviculoides.

In GAB II, the density of fossils is also somewhat
patchy, but fairly uniform between the three sampling sites
(Figs. 14, 15). In particular, the rhynchonellid Acantho-
rhynchia multistriata (Fig. 131) occurs in small nests. It is
the most dominant element of the Acanthorhynchia multi-
striata—Somalithyris lakhaparensis assemblage (Table 6),
which is quite diverse (19-27 taxa) and contains taxa of
a wide size range. Conspicuous are the huge epibyssate
pectinid Radulopecten moondanensis, which reaches
nearly 20 cm in height (Fig. 13e), large semi-infaunal
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Fig. 12 Comparison of faunal composition and species diversity »

between Green Ammonite Beds I and II north of Lakhapar village.
Shown are only the most abundant species

Gervillella aviculoides (Fig. 13g), the epibyssate Mega-
cucullaea eminens (Fig. 13a) and the shallow-infaunal
Seebachia (Eoseebachia) sowerbyana (Fig. 13f). At the
other end of the size range are tiny echinoids and a number
of small to tiny gastropods (e.g., Onkospira, Neritopsis)
and bivalves (e.g., Limatula, Plesiopecten). Of particular
interest are two trigoniid species, Opisthotrigonia retrorsa
(Fig. 13d) and Rinetrigonia ventricosa, which herald the
great morphological radiation of the group in the early
Cretaceous of the area (Kitchin 1903). Nearly all taxa are
suspension-feeders (97-99%) and 76 to 89% belong to the
epifauna (Fig. 15). Between 14 and 37% of the bivalves are
articulated (among them many Gervillella and most infau-
nal taxa) as are nearly all brachiopods. Rarely, the deep-
burrowing Pholadomya is preserved in growth position.
At Mundhan, the density of benthic fossils is lower,
but the rhynchonellid Acanthorhynchia multistriata, the
bivalves Radulopecten moondanensis, Atreta, Liostrea,
Gervillella, Megacucullaea eminens, the gastropod Lep-
tomaria, and serpulids point to the same assemblage as at
Lakhapar. At the Katesar locality, 3.5 km further west, the
low-density fossil assemblage more closely resembles the
Gryphaea moondanensis assemblage of GAB 1.

Discussion
Palaeoenvironmental interpretation
Hildoglochiceras Bed

Belemnites, nautiloids, and ammonites indicate that the
Hildoglochiceras Bed is a fully marine unit, which has
been deposited offshore below the fair-weather wave-base
and probably also below the storm wave-base. It may have
been influenced occasionally by storm-induced currents, but
any primary evidence such as sedimentary structures has
been subsequently obliterated by bioturbation. Within the
bed, there is a change from the infaunal “Lucina” rotun-
data assemblage to the epifaunal Actinostreon marshii
assemblage and finally to the mixed epifaunal-infaunal

«Fig. 11 Detailed sections through the Green Ammonite Beds (GAB
I to III). a Section north of Lakhapar village, southern rim of Jara
Dome. b Mundhan section, Mundhan anticline, north of Mundhan
village. ¢ Section east of Katesar temple. For locality details see
Fig. 1 and Table 1. ¢/ clay, si silt, fs fine-sand, ms medium-sand, cs
coarse-sand, g gravel, m mudstone, w/f wackestone/floatstone, p pack-
stone, g grainstone, » rudstone
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Table 5 Taxa, faunal composition, life habits and feeding modes of
the benthic macrofauna of the Green Ammonite Bed I at locality B.
rel.%, relative abundance

93 individuals; 11 taxa rel.%
Gryphaea moondanensis 62.4
Opisthotrigonia retrorsa 7.5
Gervillella aviculoides 6.4
Herzogina weissermeli 6.4
Seebachia (Eoseebachia) sowerbyana 54
Spondylopecten (Plesiopecten) subspinosus 32
Serpula (Cycloserpula) sp. 32
Nanogyra nana 2.1
Bivalves 96.8
Serpulids 32
Suspension-feeders 100
Epifauna 73.2
Infauna 20.4
Semi-infauna 6.4

Eoseebachia sowerbyana assemblage. The find of an articu-
lated flipper in the upper part of the bed at HB III (Fig. 5b)
indicates that the substrate was soft enough for the flipper to
sink into the sediment and thus escape scavenging. Puzzling
is the low percentage of bored and encrusted shells. Conden-
sation usually implies a long residence time of shells on the
sea floor, i.e., time enough for their severe biogenic altera-
tion. Some shells indeed show signs of microbial bioerosion,
but the majority is well-preserved. A possible explanation
is that after death of the organisms the biogenic hard parts
became soon covered with a thin film of sediment, which
protected them from attacks by boring or encrusting biota.

The heavily bioturbated sandy bioclastic wackestone
immediately below the ferruginous crust that forms the base
of the Hildoglochiceras Bed at locality HBI is thought to
have formed in a protected environment, overlying coarse-
grained sandstones which are interpreted as nearshore bars.
They contain scattered bivalves and other fossils such as
locally abundant juvenile ammonites.

Green Ammonite Beds

The taphonomic features of GAB I point to currents or waves
as the concentration agents. This is supported by the abun-
dant very coarse quartz grains, but is contradicted by the fer-
ruginous mudrock matrix in which the coarse particles float.
The depositional environment of GAB 1 is thought to have
been close to the storm wave-base. Rare high-energy events
reworked and concentrated the shells and quartz grains. Dur-
ing long, quiet intervals between such events ferruginous
mud accumulated, and intense bioturbation (corresponding
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Fig. 13 Characteristic bivalves and brachiopods occurring in the »
Green Ammonite Beds. a Megacucullaea eminens Cox, 1940. b
Gryphaea moondanensis Cox, 1952. ¢ Neocrassina (N.) compressa
(J. de C. Sowerby, 1840). d Rhinetrigonia retrorsa (Kitchin, 1903).
e Radulopecten moondanensis Cox, 1940. f Seebachia (Eoseebachia)
sowerbyana (Holdhaus, 1913). g Gervillella aviculoides (J. Sowerby,
1814). h Somalithyris lakhaparensis Mukherjee and Shome, 2017. i
Acanthorhynchia multistriata (Kitchin, 1900)

to a bioturbation index of 5-6; Taylor and Goldring 1993)
produced the preserved sedimentary fabric.

The taphonomic features of GAB II differ in their com-
plete lack of sorting of skeletal elements, considerable per-
centage of articulated valves, rare burrowing individuals pre-
served in growth position, and small nests of brachiopods.
These features indicate a generally quieter environment,
although disarticulated infaunal bivalves point to occasional
reworking. An offshore position below the storm wave-base,
but within the reach of occasional storm-induced currents is
envisaged, which caused winnowing and minor reworking.
The distinctly higher species diversity compared to GAB 1
probably reflects mainly a higher degree of condensation and
thus a longer time span for the accumulation of GAB II. The
predominantly quiet conditions provided ample time for the
sediment to become thoroughly bioturbated. The extreme
scarcity of shelly infaunal deposit feeders such as nuculids
may be due to the iron content of the sediment. The berthi-
eroid ooids are thought to be autochthonous, having grown
under mildly reducing conditions within the sediment (e.g.,
Young 1989; Clement et al. 2020) and redistributed by bur-
rowers. They indicate sediment starvation (e.g., Burkhal-
ter 1995; Collin et al. 2005; Follmi 2016). The iron source
might have been lateritic soils, but could also be a swampy
delta plain, reworked during transgression. The percentage
of bored or encrusted shells in GAB I and II, and this also
applies to the common shells of ammonoids, is even lower
than in the Hildoglochiceras Bed but the explanation of this
phenomenon offered here (i.e., a short residence time on
the sea floor) is the same. The common shell debris may be
partly of biogenic origin and thus does not necessarily point
to an elevated turbulence level. It appears that the difference
in the environmental position between GAB I and II is that
the latter accumulated in a deeper, more offshore position
during a longer period of time. The distinctly lower shell
density indicates that the sea floor was only sparsely colo-
nized at any time by shell-bearing macroinvertebrates. For
the nearly unfossiliferous GAB III an even deeper position
is assumed, based on the fine-grained sediment and total
bioturbation (Fig. 16).

Sequence stratigraphic and palaeoclimatic aspects

The Jhuran Formation of the western Jara Dome shows
a distinct cyclic architecture (Fiirsich and Pandey 2003,
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fig. 3; Desai and Biswas 2018, fig. 15). These cycles are
generally highly asymmetric, and typically several metres
to decametres in scale. Such cycles are common in shallow
shelf settings of the geological record (parasequences; e.g.,
Van Wagoner et al. 1988; Arnott 1995; Fiirsich et al. 2005;
Sharafi et al. 2013). The transgressive systems tract (TST)
up to the maximum flooding zone (MFZ) is usually thin and
often just represented by the reworked top of the preced-
ing highstand systems tract (HST). Such thin TST deposits
characteristically consist of bioturbated, very poorly sorted
sandstones with scattered very coarse to gravel-sized quartz
grains and a ferruginous or calcareous matrix. Fossils occur
(large, thick-shelled bivalves, scattered coral heads) but
are never common except in the Hildoglochiceras Bed, the
Green Ammonite Beds, and in the unit just below the Green
Ammonite Beds, whereas HST deposits are nearly always
unfossiliferous. Bioturbation is thought to be responsible for
the poor sorting and led to mixing of top HST, TST, and
MFZ deposits, the former being coarse-grained and the lat-
ter fine-grained (commonly mudrocks). The cycles are most
likely related to a deltaic system, the so-called Jhuran Delta
(Desai and Biswas 2018), which prograded into the basin
from east to west. Progradation of delta lobes during regres-
sion was interrupted by phases of delta destruction during
transgression. Not all metre-thick sandstone units of the
Jhuran Formation are regarded by us as of delta-front or dis-
tributary mouth-bar origin as assumed by Desai and Biswas
(2018). Rather, sand of deltaic origin was also spread by cur-
rents across the basin forming sand sheets. The T-R cycles
in the Tithonian part of the Jhuran Formation (Fig. 17)
record relative changes in sea level. To which extent the
high-frequency cycles are eustatic cannot be determined
with certainty, as their biostratigraphic control is too poor.
If eustatic, they possibly correspond to fourth- or fifth order
cycles. The three condensed beds of the GAB would then be
the MFZ of such cycles. Together, however, they represent
the MFZ of a higher rank of cyclicity (?3rd order). The late
HST of that cycle would be the coarse-grained shelly sand-
stones of the Trigonia Sandstone member (Fig. 17), which
are topped by the transgressive shell lag (top Trigonia Bed)
of the next T-R cycle. The Hildoglochiceras Bed would pos-
sibly represent the late TST and MFZ of another 3rd-order
cycle. It is, however, likely that also climatic factors such as
phases of increasing aridity, which would lead to a reduc-
tion of terrigenous sediment input, and autocyclic processes,
such as switching of delta lobes, exerted some influence on
the cycle pattern.

The MFZ of the Hildoglochiceras Bed and the Green
Ammonite Beds exhibit some similarities, but also pro-
nounced differences: Both are bioturbated, poorly sorted,
record sediment starvation, and contain a diverse benthic
macrofauna as well as abundant ammonites, but while
the HB is characterized by lime mud, the GAB stand out
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by their high iron content, originally most of it berthier-
ine but changed to iron oxyhydroxide during weathering.
They, therefore, correspond to typical condensed horizons,
whereby the degree of condensation never reached the stage,
where index fossils became mixed. In the HB, input of silici-
clastic sediment from a terrigenous source ceased drasti-
cally, the scattered coarse quartz grains being reworked from
the underlying HST deposit or stem from occasional redistri-
bution of HST sediments within the basin during TST. In the
case of the GAB, fine-grained sediment (clay, silt) reached
the basin, but the net sedimentation rate was so low that dis-
solved iron accumulated on the sea floor to form autogenic
glauconite or berthierine grains (GAB I) and berthierine iron
ooids (GAB II) just below the sediment water interface.

The lower boundary of the Hildoglochiceras Bed records
a brief phase of subaerial exposure and most likely forms
the top of a higher frequency T-R cycle within the trans-
gressive systems tract shown in Fig. 4. At the locality HB I,
it is documented by dissolution of carbonate resulting in a
small-scale karst topography and by the formation of a fer-
ruginous crust (comparable to one documented by Wilmsen
et al. 2014). This interpretation is supported by the irregular
cement-filled cavities immediately below the boundary and
is also corroborated by the 2-m-thick layer of decalcified
sandstone underlying the unit at the locality HB II.

The different lithologies of the two condensed units sug-
gest different climatic conditions during their formation. The
intercalation of a thin carbonate unit within the approxi-
mately 700-m-thick, otherwise exclusively siliciclastic
Kimmeridgian-Tithonian succession of the Jara Dome points
to a relatively arid phase, during which terrestrial sediment
input into the basin was strongly reduced and no longer
diluted the biogenic carbonate production. An alternative
interpretation that the carbonate unit is the result of switch-
ing of delta lobes, exposed for example in the Jara Mara
River 5.5 km to the southeast (Desai and Biswas 2018), and
is, therefore, autocyclic is regarded as less likely. In contrast,
the highly ferruginous nature of the GAB indicates more
humid conditions, the iron having been introduced by rivers
or derived from delta-plain swamps and lateritic soils, which
were reworked during transgression. As Desai and Biswas
(2018) demonstrated, much of the sediments of the Jhuran
Formation were related to large delta systems.

Comparison between the maximum flooding zones

The HB localities share with GAB 1II a relatively high spe-
cies diversity, a distinct concentration of fossils with respect
to underlying and overlying strata, the scarcity of bored and
encrusted shells, a thoroughly bioturbated sediment, and a
lack of sorting both with respect to biogenic and abiogenic
sediment components. They share with GAB I the presence
of scattered coarse quartz grains. All three horizons share
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Fig. 14 Characteristic faunal elements of the Green Ammonite Bed »

II north of Lakahapar and their lateral variation in relative abundance
between three sampling points (A—C). The changes in the relative
abundance of the brachiopods are due to clustering

that nektonic and nekto-benthic faunal elements (ammonites,
belemnites) are common, that wood fragments occur, and
boring and encrusting biota are surprisingly rare. The vari-
ous assemblages are all strongly dominated by suspension-
feeders, except at HB I, where a chemosymbiotic bivalve
prevails, and in most of them epifaunal guilds (cemented,
byssate or reclining) dominate. HB and GAB differ in sedi-
ment composition (calcareous versus ferruginous), in their
ammonite diversity (low in the case of HB), and most clearly
in the composition of the benthic macrofauna. Gryphaea is
not present in the HB, whereas lucinids and Actinostreon
marshii have not been recorded from the GAB. Several other
taxa are shared, although occurring in different abundances.
Examples are characteristic taxa such as Megacucullaea
eminens, Opisthotrigonia retrorsa, and Eoseebachia sow-
erbyana. These differences reflect differences in ecologi-
cal parameters. As outlined above, sediment characteristics
point to different climatic regimes between the HB and GAB
horizons. The resulting differences in sediment input, sub-
strate conditions, nutrient input and pore-water chemistry
surely also influenced the species composition.

Can we recognize sedimentary condensation
associated with maximum flooding zones based
on ecological and taphonomic features?

Several sedimentological features indicate sediment starva-
tion and sedimentary condensation, but often not a single
feature is diagnostic but only their combination. The relevant
sediments are commonly very poorly sorted and the thin
units are internally often complex. A useful criterion may
be a thin carbonate unit within an overall siliciclastic suc-
cession. Among the best indicators are authigenic minerals
such as glauconite, the verdine group, berthierine iron ooids,
phosphorites, and hardgrounds (Follmi 2016).

With respect to biogenic components, evidence is less
forthcoming. One indicator is the fossil density. Sediment
starvation increases the relative abundance of biogenic hard
parts and may lead to condensed autochthonous shell con-
centrations. The problem is that shell concentrations are very
common in the geological record and are, in most cases,
caused by physical processes such as waves or currents or
by intrinsic factors such as high fecundity and gregarious
behaviour of organisms (e.g., Kidwell et al. 1986). The time
scale involved ranges from hours (e.g., in the case of storms)
to decades or at the most a few hundred years and thus does
not fulfil the criteria of a condensed horizon, which refers to
larger time scales (Follmi 2016). Taphonomic features are
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Fig. 15 Ecological features (mode of life, trophic guilds and species
diversity of the three statistical samples of GAB II north of Lakhapar
village

more promising. Sediment starvation due to low sediment
input or bypassing commonly increases the residence time
of shells on the sea floor, which then serve as substrate for
an encrusting and endolithic biota. The weakness of this
criterion is again the time span. Several generations of endo-
and epilithic organisms may totally encrust and/or heavily
damage shells within several decades. Moreover, as the
present examples show, the converse, i.e., a low percentage
of encrusted and bored shells, is no firm proof against con-
densation. Another criterion is the species diversity. In con-
densed beds the species diversity of autochthonous assem-
blages appears to be generally high, due to the telescoping
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of several communities, which colonized the sea floor during
minor environmental fluctuations, into a single bed. How-
ever, when such a high diversity has been produced by mix-
ing of faunas from different environments (allochthonous
time-averaging of Fiirsich and Aberhan 1990) no conclu-
sion about an unusually long time span for the formation of
the assemblage can be drawn. Condensed beds at maximum
flooding zones are generally situated offshore, commonly
below the storm wave-base and accumulate under predomi-
nantly quiet conditions. As a result, bivalves are commonly
articulated (e.g., Archuby 1990; Fiirsich and Pandey 2003)
and occasionally preserved in growth position. This kind of
preservation is, of course, also found when a benthic com-
munity suffers sudden death by obrution, but the associ-
ated taphonomic features should easily help to differentiate
between the two situations.

For the in-situ mixing of faunas and sediments bioturba-
tion plays an important role. Condensed beds are invariably
bioturbated (except when accumulating in anoxic environ-
ments), and primary sedimentary structures are never pre-
served. This is nicely documented in the examined exam-
ples, which document the mixing of late HST sediments and
faunas with those of the TST and MFZ (at locality HB I).

A particularly critical factor is the dissolution of biogenic
hard parts of condensed beds, which depends on the water
depth, the chemical environments, physical reworking, the
residence time of biogenic hard parts within the taphonomic
active zone, and the shell mineralogy (e.g., Aller 1982;
Davies et al. 1989). For example, Cummins et al. (1986)
demonstrated the rapid dissolution of shells on the floor of
the Gulf of Mexico. This process may lead to horizons poor
in shell content, the condensed nature of which may not be
recognized. The Green Ammonite Bed III at Lakhapar might
be such an example. It is a 80-cm-thick, nodular, highly fer-
ruginous siltstone, in which fossils are extremely rare. It is,
however, strongly condensed, because at its base Substeu-
eroceras alticostatum of the uppermost Tithonian Frequens
Zone has been found (pers. obs.), whereas Krishna (1991)
and Krishna et al. (1994) recorded basal Berriasian ammo-
nites from the same unit. The scarcity of ammonites and the
complete lack of benthic macroinvertebrates in this clearly
condensed bed appear to have been due to dissolution of
biogenic hard parts. The only other, less likely explanation
would be that the sea-floor conditions were unfavourable for
benthic organisms.

In conclusion, the only decisive biological feature diag-
nostic of condensation is the mixing of autochthonous
index fossils from different zones/subzones. For less severe
cases of condensation, the combination of several biologi-
cal features such as a relatively high shell density and spe-
cies diversity, ecological incompatibility of autochthonous
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Table 6 Dominant taxa, faunal composition, life habits and feeding
modes of the benthic macrofauna of the Green Ammonite Bed II at
localities A, B, and C. rel.%, relative abundance

GAB ITA rel.%
190 individuals; 19 taxa

Acanthorhynchia multistriata 51.0
Somalithyris lakhaparensis 21.6
Gevrvillella aviculoides 6.3
Gryphaea moondanensis 32
Megacucullaea eminens 32
Neocrassina compressa 2.6
Opisthotrigonia retrorsa 2.1
Seebachia (Eoseebachia) sowerbyana 2.1
Spondylopecten (Plesiopecten) subspinosus 1.6
Brachiopods 72.3
Bivalves 26.1
Echinoids 1.1
Gastropods 0.5
Suspension-feeders 98.4
Detritus feeders 1.6
Epifauna 84.8
Infauna 8.9
Semi-infauna 6.3
GAB 1IB rel.%
341 individuals; 25 taxa

Acanthorhynchia multistriata 71.3
Somalithyris lakhaparensis 7.9
Neocrassina compressa 3.8
Megacucullaea eminens 3.5
Gevrvillella aviculoides 2.6
Opisthotrigonia retrorsa 1.2
Pholadomya (P.) aequalis 1.2
Gryphaea moondanensis 0.9
Seebachia (Eoseebachia) sowerbyana 0.9
Spondylopecten (Plesiopecten) subspinosus 0.9
Brachiopods 79.2
Bivalves 19.3
Gastropods 0.9
Serpulids 0.6
Suspension-feeders 99.1
Detritus feeders 0.9
Epifauna 89.1
Infauna 8.3
Semi-infauna 2.6
GAB IIC rel.%
251 individuals; 27 taxa

Acanthorhynchia multistriata 60.1
Gervillella aviculoides 9.6
Megacucullaea eminens 5.2
Neocrassina compressa 3.6
Opisthotrigonia retrorsa 2.8

Table 6 (continued)

GAB IIC rel.%
251 individuals; 27 taxa

Neocrassina weissermeli 2.4
Somalithyris lakhaparensis 2.0
Entolium (E.) corneolum 1.6
Seebachia (Eoseebachia) sowerbyana 1.6
Radulopecten moondanensis 1.2
Brachiopods 62.1
Bivalves 355
Gastropods 1.6
Echinoids 0.4
Scaphopods 0.4
Suspension-feeders 97.6
Detritus feeders 2.4
Epifauna 76.9
Infauna 13.5
Semi-infauna 9.6

faunal elements (e.g., Fiirsich and Kauffman 1984), a high
degree of shell alteration by endo- and epilithic organisms,
and intensive bioturbation provides good evidence for sedi-
mentary condensation, especially when used together with
sedimentological criteria.

Conclusions

(1)

2

3

The Tithonian part of the Jhuran Formation of the west-
ern Jara Dome is characterized by strongly asymmet-
ric coarsening- and shallowing-upward transgressive—
regressive cycles. In the approximately 400-m-thick
siliciclastic succession fossils are rare and generally
consist of very sporadic ammonites. The scarcity of
fossils is partly due to relatively high sedimentation
rates. Scattered large bivalves and corals are confined
to the transgressively reworked tops of the coarsening-
upward cycles.

Two notable exceptions to this pattern exist: The Lower
Tithonian Hildoglochiceras Bed and the upper Lower
to Upper Tithonian Green Ammonite Beds contain
abundant ammonites and a rich and diverse benthic
macrofauna dominated by bivalves or brachiopods.
They are interpreted as representing MFZ deposits
accumulating during times of sediment starvation.
The 1.5-m-thick Hildoglochiceras Bed and its underly-
ing fossiliferous mixed carbonate—siliciclastic bed are
the only carbonate units in the succession, sandwiched
between an underlying coarse-grained sandstone
package and a thick overlying dark-grey argillaceous
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Fig. 16 Model showing the assumed positions of the three Green Ammonite Beds along an onshore—offshore transect

“

silt unit. The silty bioclastic marl contains, particu-
larly in its lower part, abundant coarse quartz grains
reworked by burrowing crustaceans from the underly-
ing TST deposits. The bed contains a succession of
three autochthonous benthic assemblages in addition
to belemnites, ammonites, and nautiloids. The lower
assemblage is dominated by the presumably chemos-
ymbiotic bivalve “Lucina” rotundata, the middle one
by epifaunal suspension-feeding bivalves (the oysters
Actinostreon marshii, Nanogyra nana, and Liostrea
sp.), and the upper one by the large shallow-burrowing
suspension-feeding bivalve Seebachia (Eoseebachia)
sowerbyana. The latter assemblage exhibits the highest
diversity and is thought to document maximum con-
densation.

The three Green Ammonite Beds differ distinctly in
sediment character and faunal composition. GAB I is
a very coarse-grained sandstone with a ferruginous
mudrock matrix. Apart from ammonites it contains
a low-diversity bivalve assemblage dominated by
the reclining oyster Gryphaea moondanensis, which
forms thin lenticular shell beds and shows clear signs
of reworking, most likely under the influence of storm
waves. The high iron content indicates sediment star-
vation in an environment above the storm wave-base.
GAB 1I is a ferruginous Fe-oolitic mudrock with a
moderately abundant high-diversity fauna composed
of ammonites, bivalves, brachiopods, gastropods, and
echinoids. The autochthonous assemblage is dominated

@ Springer

&)

by the brachiopods Acanthorhynchia multistriata and
Somalithyris lakhaparensis, but most taxa are bivalves,
among them several large forms such as Megacuccul-
laea eminens, Radulopecten moondanensis, Gervillella
aviculoides, and Seebachia (Eoseebachia) sowerbyana.
The condensed horizon formed offshore below the
storm wave-base. GAB III is a nodular ferruginous
mudrock, which is, apart from very rare ammonites,
unfossiliferous. The lack of fossils probably is a result
of early diagenetic shell dissolution but the alternative
explanation, i.e., unfavourable conditions on the sea
floor cannot be excluded. GAB I to III are maximum
flooding zones of metre- to decametre-scale T-R cycles,
but together form the MFZ of a higher rank, probably
3rd-order cycle, the HST of which culminates in thick,
coarse-grained sandstones of the early Cretaceous so-
called Trigonia Ridge (see also Fiirsich and Pandey
2003, fig 4).

Taphonomic and palaeoecological features are useful
criteria for recognising condensed units, when used in
combination: they help to establish the precise position
of such beds along an onshore—offshore transect and
the water depth in which they formed. It is, however,
clear that such conclusions will be most reliable when
incorporating also sedimentological data.

Fig. 17 Section through the middle and upper part of the Jhuran For- »
mation of the southwestern Jara Dome and its sequence stratigraphic
interpretation. The section is composed of highly asymmetric trans-
gressive—regressive cycles, Commonly, TST deposits are represented
only by the reworked top of the underlying HST
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