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Abstract

Important concerns about the consequences of climate change for India are the po-
tential impact on tropical cyclones and the monsoon. Herein we present a sequence
of fossil shell beds from the shallow-marine Maniyara Fort Formation (Kachcch Basin)
as an indicator of tropical cyclone activity along the NW Indian coast during the Late5

Oligocene warming period (∼27–24 Ma). Direct proxies providing information about the
atmospheric circulation dynamics over the Indian subcontinent at this time are impor-
tant since it corresponds to a major climate reorganization in Asia that ends up with the
establishment of the modern Asian monsoon system in the Early Miocene. The vast
shell concentrations comprise a mixture of parautochthonous and allochthonous as-10

semblages indicating storm-generated sediment transport from deep to shallow water
during third-order sea level highstands. Three distinct skeletal assemblages were dis-
tinguished each recording a relative storm wave base depth. (1) A shallow storm wave
base is shown by nearshore mollusks, corals and Clypeaster echinoids; (2) an inter-
mediate storm wave base depth is indicated by lepidocyclind foraminifers, Eupatagus15

echinoids and corallinaceans; and (3) a deep storm wave base is represented by an
Amussiopecten–Schizaster echinoid assemblage. Vertical changes in these skeletal
associations give evidence of gradually increasing tropical cyclone intensity in line with
third-order sea level rise. The intensity of cyclones over the Arabian Sea is primar-
ily linked to the strength of the Indian monsoon. Therefore and since the topographic20

boundary conditions for the Indian monsoon already existed in the Late Oligocene, the
longer-term cyclone trends were interpreted to reflect monsoon variability during the
initiation of the Asian monsoon system. Our results imply an active monsoon over the
Eastern Tethys at ∼26 Ma followed by a period of monsoon weakening during the peak
of the Late Oligocene global warming (∼24 Ma).25
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1 Introduction

Cyclones are one of the most devastating natural hazards that affect tropical coasts
(Henderson-Sellers et al., 1998). For this reason, attempts to associate tropical cy-
clone trends with global change have become a challenging subject in recent years
(e.g. Goldenberg et al., 2001; Webster et al., 2005; Klotzbach, 2006; Holland and Web-5

ster, 2007; Elsner et al., 2008; Emanuel et al., 2008; Vecchi and Knutson, 2008; Evan
et al., 2011). Although future predictions consistently indicate that greenhouse warming
will cause the globally averaged intensity of tropical cyclones to shift towards stronger
storms (Solomon et al., 2007), the limited instrumental record and deficient availability
and quality of global historical records impede extensive analyses of the natural cy-10

clone variability in most of the tropical cyclone basins (Henderson-Sellers et al., 1998).
Therefore, it remains uncertain whether current changes in tropical cyclone activity
have exceeded the variability expected from natural causes (Knutson et al., 2010). The
Indian Ocean including the Arabian Sea and the Bay of Bengal are of particular con-
cern because of the high population density along their coastlines (Charabi, 2010). In15

the Arabian Sea most storms tend to be small and dissipate quickly (Charabi, 2010).
However, the wind circulation pattern over the northern Arabian Sea has changed over
the last 30 yr allowing stronger storm development (Evan et al., 2011). As a result,
the Saurashtra and Kachchh regions at the northwestern coast of India have been in-
creasingly subject to severe cyclonic storms in recent years (Nigam and Chaturvedi,20

2006). This change of atmospheric circulation is, however, considered to occur inde-
pendently from global warming and interpreted to be related to the increasing anthro-
pogenic buildup of aerosols in the atmosphere over India and the Indian Ocean leading
to a weakening of the vertical wind shear over the Arabian Sea (Evan et al., 2011).

In the geological record storm events could have been preserved as tempestite beds25

and temporal variations in their abundance and thickness provide information about
palaeostorm intensities and frequencies (Brandt and Elias, 1989; Long, 2007). Herein
we present a shallow-marine tempestite sequence from the Maniyara Fort Formation
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in the Kachchh Basin (Gujarat, NW India) as a record for natural cyclone activity dur-
ing the Late Oligocene. This time is of peculiar importance for the Asian climate evo-
lution because the climate pattern changed from zonal to monsoon-dominant at the
Oligocene–Miocene transition (Guo et al., 2008). The timing of this important climate
shift and the behavior of the atmospheric circulation pattern over Asia during its early5

stages remained, however, poorly constrained since well-dated direct climate proxies
are scarce (Dupont-Nivet et al., 2008; Quan et al., 2011).

2 Geological setting and locality

The Kachchh Basin is a peri-cratonic rift basin at the western passive continental mar-
gin of India (Biswas, 2005) (Fig. 1). It opened since the Late Triassic–Early Jurassic10

due to the break-up of the Gondwana supercontinent and the subsequent counter-
clockwise north-drift of the separated Indian subcontinent (Biswas, 1982, 1987; Ali
and Aitchison, 2008). A 3000-m-thick succession of predominantly siliciclastic shallow-
marine and fluvio-deltaic sediments was deposited during the synrift stage (Biswas,
1982, 1992, 2005). The rifting ceased in the Late Cretaceous due to the beginning col-15

lision of India and Asia. After a phase of effusive Deccan Trap volcanism (Biswas and
Deshpande, 1973; Saunders et al., 2007), uplift occurred along the entire western In-
dian rifted margin during the Eocene–Oligocene (Shanker, 2001). It was initiated by the
commencement of subduction of oceanic crust below the Tibetan Plate, which stopped
the free-drift of the subcontinent (Shanker, 2001). The resultant compressive stress20

regime caused the uplift and tilting of tectonic blocks in the Kachchh Basin (Biswas,
2005). The largest one was the SW-tilted Kachchh Mainland Uplift (KMU), which ex-
tends over 150 km in northwest–southeast direction (Fig. 1).

The studied outcrop is located along the bed of the Bermoti River in the surround-
ing of the village Bermoti (N 23◦ 27′ 45′′, E 68◦ 36’07′′, Fig. 1) and represents the type25

locality of the Oligocene Maniyara Fort Formation (Biswas and Raju, 1971; Biswas,
1992). The exposed sedimentary succession was deposited in marginal marine, littoral
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to shallow inner-shelf environments on the < 10◦ inclined homoclinal dip-slope ramp of
the KMU (Biswas, 1992; Harzhauser et al., 2009). Following Biswas (1992), the Mani-
yara Fort Formation includes four informal lithostratigraphic members: (1) the Basal
Member, (2) the Lumpy Clay Member, (3) the Coral Limestone Member, and (4) the
Bermoti Member. The Basal Member comprises alternating beds of foraminiferal lime-5

stone, glauconitic siltstone and calcareous, gypsiferous claystone. The Lumpy Clay
Member includes calcareous, lumpy claystones with thin intercalated limestone and
marl beds. The Coral Limestone Member is defined as a succession of biosparites and
glauconitic biomicrites. Calcareous claystones are intercalated in its lower part, while
its upper part is characterized by small coral bioherms. The transition to the Bermoti10

Member is marked by the sudden appearance of glauconite in ochre coloured sand-
stones with abundant vertebrate remains. The carbonatic Maniyara Fort Formation is
overlain by siliciclastics of the Khari Nadi Formation of Aquitanian age (Biswas, 1992).
The siliciclastic sedimentation prevailed until present-day (Biswas, 1992).

3 Methods15

Bermoti river section was measured bed-for-bed The primary dataset consists of sed-
imentological information gathered through field observations and 50 thin-sections
(5×5 cm). Sedimentological data include lithology, sedimentary texture, sedimentary
structures, nature of bedding and bedding contacts, fossil content, and lateral variabil-
ity. Due to their large size, the abundances of the major components in the shell beds20

have been estimated semi-quantitatively in the field.

4 Results

The measured section has a total thickness of about 31 m and represents the up-
per part of the Coral Limestone Member (6 m) and the Bermoti Member (12 m) of the
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carbonatic Maniyara Fort Formation as well as the lower part of the siliciclastic Khari
Nadi Formation (13 m, Fig. 2).

4.1 Maniyara Fort Formation

Generally, the Maniyara Fort Formation is characterized by a partly dolomitic suc-
cession of bioturbated wackestones, packstones and marls alternating with massive5

matrix-rich skeletal rudstones of 0.2 to 0.8 m thickness (Fig. 2). Typically the skele-
tal rudstones are poorly sorted and dominated by variable amounts of larger benthic
foraminifers molluscs echinoids, bryozoans and corallinaceans in a bioclastic pack-
stone matrix. The skeletal components are mostly fragmented and randomly orien-
tated. Bivalve shells are always disarticulated. Usually, the coarse-grained carbonates10

form vast sheets, which can be exposed over some 100 m2 in the outcrop without
showing a difference in thickness or facies. The contact to the underlying sediments is
always sharp.

4.1.1 Coral Limestone Member

In the lower part of the Coral Limestone Member the skeletal rudstone sheets are15

mainly formed by lepidocyclinids up to 2 cm in diameter and biconvex discoidal
in shape. Nummulitids, gastropods (e.g. Ampullinopsis crassatina), pectinids (Ae-
quipecten), coral fragments (Acropora) and echinoids (Clypeaster, Eupatagus) are as-
sociated (Fig. 2). Five species of Nummulitidae (Nummulites aff. vascus, N. fichteli,
N. sublaevigatus, Operculina complanata) and one of Lepidocyclinidae (Eulepidina20

dilatata) were identified in the larger foraminiferan rudstones of the Coral Limestone
Member. The upper surface of the larger foraminiferan concentrations can be encrusted
by several decimetre high coral heads or colonized by in situ tubes of the teredinid
bivalve Kuphus (Fig. 2). Large, horizontal burrow systems of decapods can also oc-
cur at the top of larger foraminiferan deposits. The uppermost lepidocyclinid limestone25

bed in the Coral Limestone Member was deposited above a ferruginous crust and is
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characterized by abundant corallinaceans and detritic glauconite in a muddy dolomitic
matrix. In contrast to all other sheet-like shell beds in Maniyara Fort Formation, this
bed has a wedge-shaped profile, which is decreasing in thickness from 1 m in the NE
to 0.25 m in the SW over a distance of 60 m (Fig. 2).

The upper part of the Coral Limestone Member is characterized by small patch reefs5

(Fig. 2). They are interfingering with fine-grained fossiliferous platy limestones that con-
tain bivalves (Aequipecten, Cyathula, Lucinoma, cardiids, tellinids), solitary corals and
abundant ostracods (Bairdia). Notably, the surface of the patch reef at the top of the
Coral Limestone Member is intensively bored by bivalves and encrusted by coralli-
naceans. This patch reef is also surrounded by a skeletal rudstone composed of bi-10

valves (cardiids, tellinids, Lucinoma, Cyathula, Aequipecten) gastropods, irregular echi-
noids (Echinocyamus bernaniensis: abundant, Eupatagus: rare), coral clasts as well as
rare larger benthic foraminiferan tests (Nummulites, lepidocyclinids) of small size.

4.1.2 Bermoti Member

The Bermoti Member starts with a yellow, 1.25-m-thick dolomite with detritic glauconite15

and ferriclastic sand content (Fig. 2) It is overlain by a 40 cm thick, dolomitic sandy
(ferriclast sand) rudstone with gastropods (e.g. Ampullinopsis crassatina, Campanile
pseudoobeliscus, Cerithium bermotiense, Dilatilabrum sublatissimum, Persististrom-
bus radix, Lyria (Indolyria) maniyaraensis; see Harzhauser et al., 2009 for the full list),
bivalves (Aequipecten, Cyathula), echinoids (Clypeaster sowerbyi : abundant, Eupata-20

gus singhi : rare, Prionocidaris: common), coral clasts, small Nummulites (rare), bry-
ozoans and vertebrate bones. Remarkable is the abundant occurrence of articulated
crabs (Palaeocarpilius rugifer, Neptunus wynneanus) and of rare nautilids. The upper
surface of this bed is covered by a thin ferruginous crust (Fig. 2). Above follows a
2-m-thick unit of well-sorted, brown ferriclastic sandstone with a 15-cm-thick shell bed25

in the upper part. It is dominated by a gastropod fauna, which is similar to that of the
previous shell bed (Harzhauser et al., 2009). Echinoids (Clypeaster, cidaroids) pec-
tinid bivalves (Aequipecten, Amussiopecten) as well as lepidocyclinids and vertebrate
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bones are further characteristic biotic constituents. The sandstones are overlain by
a 90-cm-thick dolomitic wackestone with mass-occurring Bairdia ostracods and in situ
Kuphus tubes at the top. It is covered by a 2-m-thick wackestone-skeletal rudstone
alternation (Fig. 2). Amussiopecten and irregular echinoids (Schizaster sufflatus) dom-
inate the skeletal assemblages in the rudstones. Lepidocyclinids, gastropods and Eu-5

patagus echinoids are associated. The gastropod faunas are similar to that at the base
of the Bermoti Member. Eupatagus can be very frequent in lepidocyclinid-rich deposits.
Callianassa burrows at the contact to the underlying wackestones are filled with coarse
skeletal debris. In situ tubes of Kuphus can occur at the top of rudstone beds. In the up-
per part the Bermoti Member shows again dolomitization (Fig. 2). The skeletal assem-10

blages of the rudstone sheets in this part of the section are dominated by biconvex dis-
coidal lepidocyclinids (Eulepidina dilatata; 2 cm Ø) and corallinacean branches. A thin
(5 cm) bed of poorly sorted, bioclastic lithoclast rudstone is intercalated in the upper
part of this unit. It is well-winnowed and dominated by angular lepidocyclinid limestone
lithoclasts < 1.5 cm. Dolomite clasts, ferricrete clasts and quartz grains are present as15

well. The top of the Bermoti Member is represented by a red mottled dolomite with
ferriclastic sand (Fig. 2).

4.2 Khari Nadi formation

The Khari Nadi Formation starts with a 5-m-thick, brown pebbly-cobbly, grain-
supported conglomerate composed of well-rounded and polished ferricrete grains and20

single pebbles of white agate (Fig. 2). The conglomerate exhibits clinoforms dipping
19◦ to the SW. Upsection and towards the SW it passes into fine-grained siliciclastic
sediments (sandy silts, silty clays, fine-grained sandstones).
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5 Discussion

5.1 Depositional environments

For the Maniyara Fort Formation a mainly shallow restricted inner ramp environment is
indicated by the occurrence of in situ Kuphus tubes (Reuter et al., 2008) an individual-
rich, monotypic (Bairdia) ostracod assemblage in the micrite-rich facies (Kornicker,5

1961) and common dolomitization (Fig. 2). The formation of dolomite is considered
to be an early diagenetic process because it is restricted to distinct beds and within
close stratigraphic proximity to emergence horizons. Pedogenesis during partial emer-
gence of the KMU and denudation of lateritic soils that formed on exposed Deccan
Trap basalts during the Eocene (Valeton, 1999) are documented by ferruginous crusts10

and red motteling as well as intercalations of ferriclastic sand at the base and top of
the Bermoti Member (Fig. 2).

The presence of in situ coral patch reefs and the highly diverse nearshore marine
gastropod faunas (Harzhauser et al., 2009) indicate less restricted shallow marine envi-
ronments. Giant conchs such as Dilatilabrum sublatissimus are found today in seagrass15

meadows and sheltered lagoons, where they live partly buried in the soft substrate
(Bandel and Wedler, 1987). Extant Clypeaster echinoids also occur most commonly in
sandy sediments with seagrass patches (Hendler et al., 1995).

The occurrences of glauconite grains, however, contradict an episodically emerged
shallow ramp setting since this mineral is commonly considered to form at outer-shelf20

or even greater depths (> 100 m; El Albani et al., 2005). Because the glauconitic de-
posits are associated with ferruginous crusts and ferriclastic sand (Fig. 2), it is, however,
more likely that the detritic glauconite derived from the reworking of the glauconite-
bearing sediments from the Basal Member of the Maniyara Fort Formation. Nonethe-
less, the biotic assemblages in the skeletal rudstone facies contain substantial amounts25

of deeper water indicators, which are completely lacking in the micrite-rich limestone
and reef facies (Fig. 2) suggesting extensive sediment transport from deep to shallow
water. Consistently with this interpretation, the overall high degree of fragmentation and
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disarticulation in the shell beds indicate sediment transport. Larger benthic foraminifers
were apparently susceptible to resedimentation as they lack any form of attachment or
stabilization after death (Pedley, 1998). Following the idealized ramp profile of Ped-
ley (1998) for the central Mediterranean Oligocene–Miocene ramps, autochthonous
larger benthic foraminiferan facies with coralline algae extend from the only few me-5

ters deep coral patch reef zone towards deeper middle ramp settings. Thereby, the
size of the same lepidocyclinid species increases with greater water depth and their
shape changes from very inflated to flat. Flat discoidal Lepidocyclina tests with diame-
ters > 3 cm represent the greatest water depth in this model (∼40–60 m). The smaller
size and more biconvex shape of the lepidocyclinids in the Maniyara Fort Formation in-10

dicate a shallower palaeodepth at their living place. Accordingly, palaeoenvironmental
models show that large perforate hyaline benthic foraminifers such as Lepidocyclina,
Nummulites and Operculina complanata thrived in the lower part of the upper photic
zone (Bassi et al., 2007).

In Bermoti River section Eupatagus is most common in lepidocyclinid concentrations15

(Fig. 2). Live Eupatagus is commonly found between 10 m and 60 m water depth on
coral sands of the fore reef slope (Mortenson, 1951; de Ridder, 1984; Schultz, 2005,
2009). Although little is known about its ecology, a functional morphological approach
suggests that it is shallow burrowing (Kanazawa, 1992). Morphologically similar forms
with enlarged spines are capable of rapid re-burial after disturbance, which allows set-20

tlement of higher-energy habitats disturbed by wave turbulence.
The skeletal assemblages of the shell beds in the middle part of the Bermoti Mem-

ber are dominated by Amussiopecten and irregular echinoids (Schizaster sufflatus),
which both do not occur in the interbedded micrite-rich facies (Fig. 2). The extinct
genus Amussiopecten is morphologically very close to the extant Amusium with its25

type species Amusium pleuronectes. Both are characterised by light and disc-shaped
shells often with moderate ribbing. Modern Amusium preferentially live in few tens of
meters water depth. Amusium pleuronectes is most common between 18–40 m water
depth (Brand, 2006) and Amusium balloti is typically found in 30–60 m water depth
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(Himmelman et al., 2009). Accordingly, comparable pectinid shell beds in the Burdi-
galian of Egypt, characterised by low diversity, thin shells and weak sculpturing, were
interpreted to have formed by winnowing in few tens of meters water depth (20–40 m)
close to the storm wave base (Mandic and Piller, 2001). Although Schizaster echinoids
are reported from more than 350 m water depth, most Schizaster species occur in inner5

neritic environments (5–100 m) at present-day (Mortensen, 1951). The distribution of
Schizaster seems controlled by the availability of suitable soft sediment bottoms. There
Schizaster clearly prefers habitats with muddy silt to fine sand substrates, exploiting
bacterial and meiofaunal food sources accumulated at the redox discontinuity poten-
tial layer (Schinner, 1993). Due to this habitat preference Schizaster is usually found in10

protected shallow or deeper settings where a sufficiently thick layer of fine-grained sed-
iment is present. Since Schizaster sufflatus is always associated with Amussiopecten
in the Maniyara Fort Formation a deeper habitat is indicated.

Bioclast-filled Callianassa burrows below the erosive base of a shell bed as well as a
larger foraminiferan limestone breccia give evidence for high-energetic event deposition15

(Wanless et al., 1988; Seilacher and Aigner, 1991). Rapid burial during a catastrophic
sedimentation event might also be responsible for the in situ preservation of articulated
crabs in the shell bed at the base of the ferriclastic unit (Brett and Seilacher, 1991).
The random orientation of skeletal elements in the poorly sorted shell beds as well
as the occurrence of in situ Kuphus tubes and large decapod burrows at their top20

reveal a biological overprint that obliterated primary bedding features (Sepkowski et al.,
1991). Notably, the surface of the coral patch reef at the top of the Coral Limestone
Member, which is flanked by a skeletal rudstone (Fig. 2) is intensively bored by bivalves
and encrusted by corallinaceans. This suggests that bioclastic event sedimentation
had suffocated the corals at first and later the unconsolidated bioclastic sediment was25

removed by agitated water from the highest elevated part of the buildup so that dead
coral surfaces became exposed and subject to intense bivalve boring and biogenic
encrustation.
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The ferriclastic conglomerate at the base of the Khari Nadi Formation (Fig. 2) shows
the foreset/topset-pattern of a SW prograding Gilbert-type delta. Associated pebbles of
white agate indicate that the ferriclasts originate from the erosion of lateritic crusts that
developed on weathered Deccan Trap basalts.

5.2 Biostratigraphy and sequence stratigraphic correlation5

Biswas (1992) assumed a Rupelian age for the Coral Limestone Member based on
the presence of Eulepidina dilatata and Nummulites fichteli and a Chattian age for the
Bermoti Member due to its typical fauna. In fact, the presence of N. fichteli, N. aff.
vascus, N. sublaevigatus and E. dilatata indicates an early Chattian age (SBZ22b of
Cahuzac and Poignant, 1997) for the lower part of the Coral Limestone Member, while10

the absence of Nummulites and the presence of E. dilatata suggest a late Chattian
age (SBZ23 of Cahuzac and Poignant, 1997) for the upper part of the Bermoti Member
(Fig. 3).

Due to its position in the inner Kachchh Basin (Fig. 1) the KMU was isolated from
coarse-grained terrigenous discharge which may have entered the basin from the con-15

tinent. Only clay minerals had the chance to arrive on the carbonate ramp as sus-
pension load from the basin margins. Therefore coarse-grained terrigenous fraction
must have local sources in the area of the KMU during relative sea level lowstands.
The studied sedimentary record includes three relative sea level lowstands in the early
Chattian–Aquitanian time interval. These correlate with three sea level lowstands of20

third-order in the sequence-chronostratigraphic chart of Hardenbol et al. (1998) (Fig. 3).
The recognition of the Chattian/Aquitanian boundary at the contact between the Mani-
yara Fort Formation and the Khari Nadi Formation (Biswas, 1992) assigns this surface
to the lowstand that produced the Ch4/Aq1 sequence boundary (Fig. 3) of Harden-
bol et al. (1998). The penultimate relative sea level lowstand, which is documented25

by the ferriclastic sandstones in the lower part of the Bermoti Member (Fig. 2), cor-
relates then with the sea level lowstand that produced the Ch3 sequence boundary
of Hardenbol et al. (1998). The first relative sea level lowstand is represented by the
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deposition of reworked glauconite above a ferruginous crust in the Coral Limestone
Member (Fig. 2). Since it is dated to the shallow benthic foraminifera zone SBZ22b it
is correlated with the sea level lowstand that produced the Ch2 sequence boundary of
Hardenbol et al. (1998).

5.3 Effects of sea level and tectonic uplift on sedimentation5

The constantly very shallow depositional environments throughout the Maniyara Fort
Formation show that even few meters sea level fall must have caused the emergence of
the KMU ramp at the Bermoti River locality. Since the amplitudes of the Late Oligocene
third-order sea level cycles were in the range of several tens of meters (Hardenbol et al.,
1998) the study site could have been inundated therefore only during their highstands10

(Fig. 3). Dolomitization as well as reworking and input of terrigenous sediment charac-
terize the early and late highstands while more open marine conditions enabled coral
reef growth during maximum flooding (Fig. 3). The increasing restriction of the KMU
carbonate ramp during the Oligocene, which is displayed by the increasing dolomitiza-
tion and the disappearance of reef corals towards the top of the Maniyara Formation,15

documents a decreasing accommodation space due to the advancing uplift of the KMU
tilt block (Fig. 3). As a result of this tectonic movement extensive parts of the KMU be-
came permanently exposed in higher elevated areas at the onset of the Aquitanian and
the Oligocene and Eocene cover was removed. This unroofed the about 3000-m-thick
siliciclastic Mesozoic core of the KMU and its siliciclastic weathering products suffo-20

cated the carbonate ramp. Since that time the shallow-marine carbonate factory was
not able to recover in the Kachchh Basin due to a steady input of siliciclastic sediments.

5.4 Origin of event deposits: tempestite versus tsunamite

At the recent coast of Kachchh high-energy wave events which are capable of eroding
sediments in relatively deep water and redepositing these in shallow water are caused25

by tsunamis and tropical cyclones (Nigam and Chaturvedi, 2006). Both processes
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result in a mixing of skeletal components representing different environments and can
form vast shell beds (Kortekaas and Dawson, 2007; Donato et al., 2008). Synsedimen-
tary uplift of the KMU block indicates that tsunamis may have been triggered by seis-
mic activity at the northwestern margin of India, which was related to transpressional
tectonics in response to the convergent movement of Asia and India during the Late5

Oligocene (Shanker, 2001; Gunnell et al., 2003; Sheth, 2007). Since most of the re-
search on tsunami deposits focuses on onshore areas and siliciclastic coasts and most
established criteria also apply for storm deposits (e.g. Fujiwara and Kamataki, 2007;
Morton et al., 2007; Donato et al., 2008; Feldens et al., 2009; Bahlburg et al., 2010; En-
gel and Brückner, 2011), the identification of tsunamites in particular in shallow-marine10

carbonate environments remains extremely difficult. The shell beds of the Maniyara
Formation formed exclusively in a shallow inner ramp setting on the gentle inclined
homoclinal KMU ramp. This setting is most intensely affected by erosion of an incom-
ing tsunami wave (Puga-Bernabéu et al., 2007). The subsequent backflow transports
the previously eroded sediments basinwards and produces a thick shell-debris bed on15

the deeper ramp (Puga-Bernabéu et al., 2007), while near-shore backflow sediments
have a patchy or channelized distribution (scour-and-fill structures; Einsele et al., 1996;
Feldens et al., 2009). Since these features are missing tsunami-events cannot account
for the extensive shell beds of the Maniyara Fort Formation.

In contrast, coarse-grained (proximal) tempestites can cover extensive areas on shal-20

low ramparts (Seilacher and Aigner, 1991; Rasser and Riegl, 2002; Flügel, 2004). The
uppermost larger foraminiferan shell bed in the Coral Limestone Member differs from all
other shell beds by its wedge-shaped geometry and muddy glauconitic matrix (Fig. 2).
A modern analogue may represent the coastal mud wedges, which were produced
by Hurricane Andrew at the southwest Florida coast (Risi et al., 1995). These up to25

1 m thick and over 3 km long sediment wedges formed just seaward of the shoreline
as the surge flood water retreated. Consistently with this interpretation, the wedge-
shaped shell bed in the Coral Limestone Member formed at the onset of flooding after
a sea level lowstand (Fig. 3) and the fine-grained terrigenous matrix indicates strong
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sediment discharge from a closeby hinterland. In contrast, the pure carbonatic sheet-
like shell concentrations possibly formed when the shallow carbonate ramp was iso-
lated from a hinterland during the inundation episodes (Fig. 3). At present-day, tropical
cyclones develop only in regions where the sea surface temperature is above 26.5 ◦C
and where the depth of the 26 ◦C isotherm is 60 m or more (Gray, 1998). Most of them5

occur between 20◦ N and 20◦ S and no formations occur within about 2.5◦ latitude of the
equator (Gray, 1968). The Late Oligocene Kachchh Basin was located at 11◦ N (Chat-
terjee et al., 2012) in the tropical cyclone belt and the studied tempestite sequence
corresponds to the Late Oligocene warming period (∼27–24 Ma) when the long-term
glaciation of Antarctica terminated (Zachos et al., 2001, 2008; von der Heydt and Dijk-10

stra, 2006).

5.5 Tropical cyclone variability during Late Oligocene sea level highstands

The low palaeodepth gradients during the inundation episodes (Fig. 3) show that
changing compositions of the skeletal assemblages in the tempestites of the Mani-
yara Fort Formation must reflect a shifting of the storm wave base rather than water15

depth fluctuations related to sea level changes (Fig. 4). A shallow storm wave base
is shown by the association of nearshore mollusc faunas with abundant Clypeaster
echinoids and reef corals (Fig. 4c). An intermediate depth of the storm wave base is
indicated by mass accumulations of lepidocyclinids with frequent Eupatagus echinoids
and/or some amounts of corallinaceans (Fig. 4b) and the deepest storm wave base is20

represented by the Amussiopecten–Schizaster assemblage (Fig. 4a).
Eustatic sea level and climate are closely linked: as the climate warms the sea level

rises due to the melting of the global ice sheets and as the seas warm the ocean
has more energy to generate tropical cyclone winds (Elsner et al., 2008). Accordingly
for the third-order sea level highstand that follows on the Ch3 sequence boundary of25

Hardenbol et al. (1998) the stratigraphic distribution of the defined tempestite skele-
tal assemblage types show the deepest storm wave base at maximum flooding dur-
ing the insolation maximum (Dutton et al., 2009) (Figs. 2, 3). The gradual shifts in the
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composition of the tempestite skeletal assemblages (Fig. 2) reflect continuous deepen-
ing/shallowing of the storm wave base during the early and late highstand. In contrast,
weak storm intensity is indicated for the highstand of the previous third-order sea level
cycle by the absence of tempestites during maximum flooding (Fig. 2).

5.6 Monsoon impact on Late Oligocene tropical cyclone trends5

An important pre-condition for cyclone formation is a large-scale environment with
small vertical wind shear (Gray, 1968). In the recent Arabian Sea the average sea sur-
face temperatures are warm enough to support the development of tropical cyclones
throughout the year but the Indian summer monsoon (SW-monsoon) and associated
vertical shear wind limit cyclone development and intensification (Evan et al., 2011).10

The strength of the vertical wind shear is dependent on the strength of the Indian sum-
mer monsoon and the associated tropical easterly jet higher up in the atmosphere. The
high-altitude winds flow from the opposite direction of the low-level monsoon winds cre-
ating a high vertical wind shear over the Arabian Sea, which halts cyclone formation by
blowing off the tops of tropical storms (Hubert et al., 1983; Rao et al., 2008; Krishna,15

2009). Weakening of the Indian summer monsoon is favorable for the formation of more
severe tropical storms over the Arabian Sea because it is coupled to a decrease of the
vertical wind shear (Rao et al., 2008; Evan et al., 2011).

The Indian monsoon is an integral part of the Asian monsoon system. Of greatest
relevance to the strength of this large-scale atmospheric circulation is the land–sea20

thermal contrast that creates a vast low-pressure system over Central Asia during
summer drawing in warm and humid air from the Arabian Sea towards the Tibetan
Plateau (Webster et al., 1998). Due to this thermal and further orographic controls
Himalayan–Tibetan Plateau uplift since the Indo–Asia collision has been inferred to be
the main force for the evolution of the Asian monsoon (e.g. Ruddiman and Kutzbach,25

1989; Raymo and Ruddiman, 1992). Uplift of this area began about 50 Ma (Eocene)
during the initial collision and was intensified during the Early Miocene (Chatterjee
et al., 2012). The onset of aeolian deposition on the Chinese Loess Plateau shows that
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the major change towards an Asian monsoon climate was achieved at ∼22 Ma (Early
Miocene; Guo et al., 2002, 2008) (Fig. 5). Since then the overall trend is one of grad-
ually increasing monsoon strength to 10 Ma (Late Miocene) with an unusually weak
monsoon at 16.5 to 15 Ma (Clift et al., 2008). The exact timing of Tibetan Plateau uplift
is, however, a matter of considerable debate (Wang et al., 2008) and there is some5

emerging evidence for regionally high Tibetan palaeoelevations early on in the Indo-
Asia collision indicating that an early plateau formation may have already contributed
to monsoon intensification at the Eocene/Oligocene transition (Dupont-Niovet et al.,
2008; Hoorn et al., 2012: further references therein).

In line with these evidences, and since the winds over the Arabian Sea are con-10

sidered as meaningful indicators for the strength of the Indian monsoon (Wang et al.,
2003), the reconstructed Late Oligocene storm trends in the Kachchh Basin may re-
flect monsoon variability during the early stages of the Asian monsoon system. For
the late highstand of the first Chattian third-order sea level cycle, the larger benthic
foraminiferan tempestite sequence at the base of the Maniyara Fort Formation indi-15

cates frequent storms with moderately deep wave base due to an absent or weak In-
dian monsoon. In contrast, the absence of tempestites during the acme of the second
Chattian third-order sea level cycle suggests that a strong Indian monsoon prevented
tropical cyclogenesis at ∼26 Ma. Subsequent weakening of the Indian monsoon is in-
dicated by renewed tempestite sedimentation during the late highstand of this sea level20

cycle. However the absence of deep water indicators and the low abundance and small
size of larger benthic foraminifers indicate at first relatively weak storms with shallow
wave base. Prolonged weakening of the Indian monsoon may have subsequently fa-
vored violent tropical storms with deep wave base, which produced the Amussiopecten-
and Schizaster -dominated tempestites during the next third-order sea level highstand25

that follows the Ch3 sequence boundary of Hardenbol et al. (1998). Interestingly, this
storm interval correlates to the temperature maximum of the Late Oligocene warm
period (Zachos et al., 2008) (Fig. 5).
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A comparable Asian monsoon decline over northern India and China has been
recorded at 16.5–15 Ma in weathering records from the Arabian Sea, the Bay of Ben-
gal and the South China Sea (Clift et al., 2008; Wan et al., 2010). It corresponds to
the Middle Miocene Climate Optimum (Fig. 5), when the global annual surface temper-
ature was ∼3–4◦ C higher than today (You, 2010) and the thermal gradient between5

the Tibetan Plateau and tropical Indian Ocean was reduced (Reuter et al., 2012). An
analogous scenario can be reconstructed for the temperature maximum of the Late
Oligocene warming due to a similar land–sea configuration (PALEOMAP website) and
a comparable δ18O range in the deep sea oxygen isotope record (Zachos et al., 2008)
(Fig. 5). The heavier δ18O values during the third-order sea level highstand at ∼26 Ma10

in the deep sea oxygen isotope record of Zachos et al. (2008) (Fig. 5) suggest that
this temperature rise was not high enough to prevent the Indian monsoon and favor
cyclogenesis off the northwestern coast of India.

6 Conclusions

The Maniyara Fort Formation (Upper Oligocene) in the Kachcch Basin (NW India)15

comprises a succession of vast shell beds composed of larger benthic foraminifers,
molluscs and echinoids that were deposited in an isolated inner ramp environment.
The sedimentation occurred only during third-order sea level highstands separated by
long lasting erosional gaps. The skeletal components represent a mixture of different
marine environments documenting extensive sediment transport from deep to shal-20

low water by severe tropical storms (cyclones). Three major biotic assemblages point
to variable storm intensities: (1) shallow storm reworking is indicated by nearshore
gastropods, Clypeaster echinoids and reef corals; (2) an intermediated storm wave
base is reflected in larger benthic foraminiferan (lepidocyclinids) deposits with abun-
dant Eupatagus echinoids and corallinaceans; (3) a deep storm wave base caused25

high amounts of Amussiopecten and Schizaster echinoids in the tempestites. Vertical
changes in these skeletal associations give evidence of a deepening storm wave depth
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due to increasing tropical storm intensities during a third-order sea level rise. The in-
tensity of tropical cyclones is controlled over the recent Arabian Sea by the strength
of the vertical wind shear, which is depending on the strength of the Indian summer
monsoon. Accordingly the reconstructed longer-term storm trends from the Maniyara
Fort Formation are interpreted to reflect monsoon variability over northern India dur-5

ing the Late Oligocene. For the third-order sea level highstand that follows on the Ch2
sequence boundary (∼26 Ma) the low tempestite frequency and relative shallow storm
wave base depth suggest already the action of a relative strong Indian monsoon. In
contrast, a weak Indian monsoon is indicated for the next third-order sea level high-
stand (∼24 Ma) by frequent tempestites representing a deep storm wave base. This10

Indian monsoon decline correlates to the temperature maximum of the Late Oligocene
warming and implies that this global temperature rise had largely reduced the land–sea
thermal contrast between the Tibetan Plateau and the tropical Eastern Tethys.
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Fig. 1. Digital elevation model of northwestern India (Jarvis et al., 2008) showing the main
structural geological elements of the Kachchh Basin. The black asterisk locates the studied
outcrop at Bermoti (23◦27′45′′ N, 68◦36′07′′ E) on the Kachchh Mainland Uplift (KMU).
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Fig. 2. Bermoti river section. Lithological log, lithostratigraphy (Biswas, 1992) and depositional
sequences.
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Fig. 3. Stratigraphic correlation of Bermoti river section with the shallow benthic foraminifera
zones (SBZ) of Cahuzac and Poignant (1997), third-order sequences of Hardenbol et al. (1998)
and global chronostratigraphy (Gradstein et al., 2012). Lithostratigraphy according to Biswas
(1992).
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Fig. 4. Facies model for shallow-marine tempestite deposition on the Kachcch Mainland Uplift
carbonate ramp illustrating the relationships of skeletal composition and storm intensity (cloud
symbol: green=weak, red=moderate, blue= strong). The thick vertical arrowheads indicate
the storm wave base depth; the symbols representing the defined tempestite biotic assem-
blages refer to Fig. 2. (a) Tempestites with abundant Amussiopecten represent the deepest
storm wave base. (b) A moderately deep storm wave base is indicated by reworking and
nearshore deposition of large lepidocyclinids. (c) Gastropod shell beds document storm re-
working in shallow water.
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Fig. 5. Deep sea benthic foraminiferal oxygen isotope curve as estimate for the Eocene–
Miocene evolution of the global climate (modified after Zachos et al., 2008; LOW=Late
Oligocene Warming, MMCO=Middle Miocene Climate Optimum). Blue arrowheads indicate
the Ch2 and Ch3 sequence boundaries of Hardenbol et al. (1998). The onset of aeolian sed-
imentation on the Chinese Loess Plateau is considered as proxy for the initiation of the Asian
monsoon (Guo et al., 2002).
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