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Abstract. Climate change has an unknown impact on trop- results imply an active monsoon over the Eastern Tethys at
ical cyclones and the Asian monsoon. Herein we present a- 26 Ma followed by a period of monsoon weakening during
sequence of fossil shell beds from the shallow-marine Mani-the peak of the late Oligocene global warmingd4 Ma).

yara Fort Formation (Kachcch Basin) as a recorder of trop-
ical cyclone activity along the NW Indian coast during the
late Oligocene warming period~(27-24 Ma). Proxy data
providing information about the atmospheric circulation dy- 1  Introduction

namics over the Indian subcontinent at this time are impor-

tant since it corresponds to a major climate reorganizatiorcyclones are one of the most devastating weather phe-
in Asia that ends up with the establishment of the modernomena that affect tropical coasts (Henderson-Sellers et al.,
Asian monsoon system at the Oligocene—Miocene boundary1998)- For this reason, attempts to relate trends in tropical
The vast shell concentrations are comprised of a mixture ofyclone intensity and frequency with global change have be-
parautochthonous and allochthonous assemblages indicatirg?Me a challenging subject in recent years (e.g. Goldenberg
storm-generated sediment transport from deeper to shallot al., 2001; Webster et al., 2005; Klotzbach, 2006; Holland
water during third-order sea level highstands. Three distinc@nd Webster, 2007; Elsner et al., 2008; Emanuel et al., 2008;
skeletal assemblages were distinguished, each recording ¥ecchi and Knutson, 2008; Evan et al., 2011). Although fu-
relative storm wave base. (1) A shallow storm wave basgure predictions consistently indicate that greenhouse warm-
is shown by nearshore molluscs, reef corals Ghgeaster ing will cause the globally averaged intensity of tropical
echinoids; (2) an intermediate storm wave base depth is incyclones to shift towards stronger storms (Solomon et al.,
dicated by lepidocyclinid foraminifer€upatagusechinoids 2007), the limited instrumental record and deficient avail-
and corallinacean algae; and (3) a deep storm wave bas@bility and quality of global historical records impede ex-
is represented by ahmussiopectehivalve-Schizasteechi- tensive analyses of the natural cyclone variability in most of
noid assemblage. These wave base depth estimates were udBg tropical cyclone basins (Henderson-Sellers et al., 1998).
for the reconstruction of long-term tropical storm intensity Therefore, it remains uncertain whether current changes in
during the late Oligocene. The development and intensificalropical cyclone activity have exceeded the variability ex-
tion of cyclones over the recent Arabian Sea is primarily lim- Pected from natural causes (Knutson et al., 2010). The In-
ited by the atmospheric monsoon circulation and strength offian Ocean including the Arabian Sea and the Bay of Bengal
the associated vertical wind shear. Therefore, since the topds Of particular concern because of the high population den-
graphic boundary conditions for the Indian monsoon alreadysity along the coastline (Charabi, 2010). In the Arabian Sea,
existed in the late Oligocene, the reconstructed long-ternfnOst storms tend to be small and dissipate quickly because
cyclone trends were interpreted to reflect monsoon variabilthe Indian summer monsoon and associated vertical wind

ity during the initiation of the Asian monsoon system. Our Shear effectively prevent large storms from developing at the
time sea surface temperatures (SST) are at their maximum
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2 M. Reuter et al.: Cyclone trends constrain monsoon variability

(Evan and Camargo, 2011). However, the wind circulation
pattern over the northern Arabian Sea has changed over thi
last 30 yr allowing stronger storm development (Evan et al.,
2011). As a result, the Saurashtra and Kachchh regions a
the northwestern coast of India have been increasingly subZ
jected to severe cyclonic storms in recent years (Nigam and
Chaturvedi, 2006). This change of atmospheric circulation
is related to significant reductions in storm-ambient verti-
cal wind shear in the troposphere during the pre-monsoonz
season (May—June; Evan et al., 2011; Wang et al., 2012)."
Evan et al. (2011, 2012) recently attributed this reduction
of pre-monsoon vertical wind shear to the dimming effects
of anthropogenic aerosols in the atmosphere over India anc
the Indian Ocean. However, this relationship is still under
debate. Wang et al. (2012) argue that the decline in vertiFig- 1. Digital elevation model of northwestern India (Jarvis et

cal wind shear more likely results from a systematic shift al., 2008) showing the main structural geological elements of the
Kachchh Basin. The black asterisk locates the studied outcrop at

in the onset of summer monsoon, which may be Cagsed b ermoti (232745’ N, 683607’ E) on the Kachchh Mainland
enhanced land-sea thermal contrast between the Asian lan Jolift (KMU)

mass and the equatorial Indian Ocean either due to anthro-
pogenic warming or as part of a natural cycle.

In the geological record storm events have been preserved
as tempestite beds and temporal variations in their abundancghallow-marine and fluvio-deltaic sediments was deposited
and thickness provide information about palaeostorm inten-during the synrift stage (Biswas, 1982, 1992, 2005). The rift-
sities and frequencies (Brandt and Elias, 1989; Long, 2007)ing ceased in the Late Cretaceous due to the beginning colli-
Here we present a shallow marine tempestite sequence fromsion of India and Asia. After a phase of effusive Deccan Trap
the Maniyara Fort Formation in the Kachchh Basin (Gujarat,volcanism (Biswas and Deshpande, 1973; Saunders et al.,
NW India) as a record for cyclone activity during the late 2007), uplift occurred along the entire western Indian rifted
Oligocene. This episode is of peculiar importance for themargin during the Eocene—Oligocene (Shanker, 2001). It was
Asian climate evolution because the atmospheric circulationnitiated by the commencement of subduction of oceanic
changed from zonal to monsoon dominant at the Oligocene-erust below the Tibetan Plate, which stopped the free drift of
Miocene boundary (Sun and Wang, 2005; Guo et al., 2008)the subcontinent (Shanker, 2001). The resultant compressive
The insufficient time constraint of the mainly continental stress regime caused the uplift and tilting of tectonic blocks
monsoon records, however, permits neither the exact timingn the Kachchh Basin (Biswas, 2005). The largest one was
of this important climate change nor the linkage of spatialthe SW-tilted Kachchh Mainland Uplift (KMU), which ex-
and temporal climate patterns to Cenozoic global ice-volumeends over 150 km in northwest—southeast direction (Fig. 1).
and temperature changes as recorded in the deep'3@a The studied outcrop is located along the bed of the
records (Sun and Wang, 2005; Guo et al., 2008). The hereiBermoti River in the surrounding of the village Bermoti
presented integrated bio- (larger benthic foraminifers) and23°2745" N, 68°3607" E; Fig. 1) and represents the type
sequence stratigraphic correlation of tempestite shell bedfocality of the Oligocene Maniyara Fort Formation (Biswas
with the global deep-sea isotope record (Zachos et al., 2001and Raju, 1971; Biswas, 1992). The exposed sedimentary
2008) relates regional atmospheric variability over NW India succession was deposited in marginal marine, littoral to shal-
to long-term global climate trends. The results are importaniow inner shelf environments on the10° inclined homocli-
because they represent the first proxy data for long-term atnal dip-slope ramp of the KMU (Biswas, 1992; Harzhauser
mospheric dynamics over the Eastern Tethys during the latet al., 2009). According to Biswas (1992), the Maniyara Fort

Oligocene. Formation includes four informal lithostratigraphic mem-
bers: (1) the Basal Member, (2) the Lumpy Clay Member,
1.1 Geological setting and locality (3) the Coral Limestone Member, and (4) the Bermoti Mem-

ber (Biswas, 1992). The Basal Member comprises alternat-
The Kachchh Basin is a peri-cratonic rift basin at the westerning beds of foraminiferal limestone, glauconitic siltstone and
passive continental margin of India (Biswas, 2005) (Fig. 1).calcareous, gypsiferous claystone. The Lumpy Clay Member
It opened since the Late Triassic—Early Jurassic due to théncludes calcareous, lumpy claystones with thin intercalated
break-up of the Gondwana supercontinent and the subsdimestone and marl beds. The Coral Limestone Member is
guent counter-clockwise north drift of the separated Indiandefined as a succession of biosparites and glauconitic biomi-
subcontinent (Biswas, 1982, 1987; Ali and Aitchison, 2008). crites. Calcareous claystones are intercalated in its lower
A 3000 m-thick succession of predominantly siliciclastic part, while its upper part is characterised by small coral
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bioherms. The boundary to the Bermoti Member is markedwere identified in the larger foraminiferal rudstones of the
by the sudden appearance of glauconite in ochre coloure€oral Limestone Member. The upper surface of the larger
sandstones with abundant vertebrate remains. The carboffieraminiferal concentrations can be encrusted by several
atic Maniyara Fort Formation is overlain by siliciclastics of decimetre high coral heads (Fig. 3c) or colonised by tubes of
the Khari Nadi Formation of Aquitanian age (Biswas, 1992). the teredinid bivalvé&Kuphus(Fig. 2). Large, horizontal bur-
The siliciclastic sedimentation prevailed until present-dayrow systems of decapods can also occur at the top of larger
(Biswas, 1992). foraminiferal deposits (Fig. 3d). The uppermost lepidocy-
clinid limestone bed in the Coral Limestone Member was
deposited above a ferruginous crust and is characterised by
2 Methods abundant corallinaceans and detritic glauconite in a muddy
o ) dolomitic matrix. In contrast to all other sheet-like shell beds
Bermoti River section was measured bed-for-bed. Thejp the Maniyara Fort Formation, this bed has a wedge-shaped
primary dataset consists of sedimentological informationprof”e, which is decreasing in thickness from 1 m in the NE
gathered through field observations and 50 thin sectiongg 0.25 m in the SW over a distance of 60 m (Fig. 2).
(5cmx 5cm). Sedimentological data include lithology, sed-  The upper part of the Coral Limestone Member is char-
imentary texture, sedimentary structures, nature of beddingcterised by small patch reefs (Fig. 2). They are interfinger-
and bedding contacts, fossil content, and lateral variability.ing with fine-grained fossiliferous platy limestones that con-
Due to their I_arge size, the relative abundance of f[he Majokain articulated bivalvesAequipectenCyathula Lucinoma
components in the shell beds have been estimated in the field g giids, 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 corallinaceans. This patch reef is also sur-
The measured section has a total thickness of about 31 nr]oundeq .by a sk-eletal rudstone comp-osed of bivalves (cardi-
and represents the upper part of the Coral Limestone Mem!—ds’ tellinids, Lucinoma Cyathula Aequipecte)) gastropods,

ber (6 m) and the Bermoti Member (12 m) of the C‘,jurbommc|rregular echinoids Echinocyamus bernaniensiabundant, '
3 . .. Eupatagusrare), coral clasts as well as rare larger benthic
Maniyara Fort Formation as well as the lower part of the sili-

ciclastic Khari Nadi Formation (13 m) (Fig. 2). L?;melferal tests Nummulites lepidocyclinids) of small

3 Results

3.1 Maniyara Fort Formation )
3.1.2 Bermoti Member

Generally, the Maniyara Fort Formation is characterised by

a partly dolomitic succession of bioturbated wackestones,he Bermoti Member starts with a yellow, 1.25m-thick
packstones and marls alternating with massive, matrix-richdolomite with detritic glauconite and ferriclastic sand content
skeletal rudstones of 0.2 to 0.8m thickness (Fig. 2). Typi-(Fig- 2). Itis overlain by a 40 cm-thick, dolomitic sandy (fer-
cally, the skeletal rudstones are poorly sorted and dominateficlast sand) rudstone with gastropods (e’gnpullinopsis

by variable amounts of larger benthic foraminifers, molluscs,crassatina Campanile pseudoobelisgu€erithium bermo-
echinoids, bryozoans and corallinaceans in a bioclastic packi€nse Dilatilabrum sublatissimumPersististrombus radix
stone matrix. The skeletal components are randomly orienlyria (Indolyria) maniyaraensissee Harzhauser et al. (2009)
tated and bivalve shells are always disarticulated. Usuallyfor the full list), bivalves fequipectenCyathulg, echinoids
these shell beds form vast sheets, which can be exposed ovéf!yPeaster sowerbyabundantEupatagus singhrare, Pri-
some 100 rfin the outcrop without showing a difference in Onocidaris common), coral clasts, smallummulitegrare),
thickness or facies (Fig. 3a). The contact to the underlyingPfyozoans and vertebrate bones. Remarkable is the abun-

sediments is always sharp. dant occurrence of articulated craBslaeocarpilius rugifer
Neptunus wynneanusnd the presence of nautilids. The
3.1.1 Coral Limestone Member upper surface of this bed is covered by a thin ferruginous

crust (Fig. 2). Above follows a 2 m-thick unit of well-sorted,
In the lower part of the Coral Limestone Member the skeletalbrown ferriclastic sandstone with a 15 cm-thick shell bed in
rudstone sheets are mainly formed by lepidocyclinids up tothe upper part. It is dominated by a gastropod fauna, which
2cm in diameter and biconvex discoidal in shape (Fig. 3b);is similar to that of the previous shell bed (Harzhauser et
nummulitids, gastropods (e.gAmpullinopsis crassatija  al., 2009). Echinoids Clypeaster cidaroids), pectinid bi-
pectinids AequipectenFig. 3b), coral fragment#Acroporg valves QequipectenAmussiopectgnas well as lepidocy-
and irregular echinoidsQlypeaster Eupatagu} are associ-  clinids and vertebrate bones are further characteristic bi-
ated (Fig. 2). Four species of Nummulitidadufmulites  otic constituents. The sandstones are overlain by a 90 cm-
aff. vascus N. fichteli N. sublaevigatusOperculina com-  thick dolomitic wackestone with mass-occurriBgirdia os-
planatg and one of LepidocyclinidaeEQlepidina dilatata tracods and in sitkuphustubes at the top. It is covered by a
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Fig. 2. Bermoti River section. Lithological log, lithostratigraphy (Biswas, 1992), transgressive—regressive cycles and storm wave base depth
(SWBD) estimates. The components in the tempestite skeletal assemblages are ordered after their abundance (decreasing from left to right
SWBD estimates refer to Fig. 4.

2 m-thick wackestone-skeletal rudstone alternation (Fig. 2).3.2 Khari Nadi Formation

Amussiopecteand irregular echinoidsSchizaster sufflatus

Eupatagu¥ dominate the skeletal assemblages in the rud-The Khari Nadi Formation starts with a 5m-thick, brown
stones (Fig. 3e). Lepidocyclinids and gastropods are assgpebbly-cobbly, grain-supported conglomerate composed of
ciated. Eupataguscan be very frequent in lepidocyclinid- well-rounded and polished ferricrete grains and single peb-
rich deposits (Fig. 3f). The gastropod faunas are similar tobles of white agate (Fig. 2). The conglomerate exhibits cli-
that at the base of the Bermoti Memb@allianassabur- noforms dipping 19 to the SW. Upsection and towards the
rows at the contact to the underlying wackestones are filledSW it passes into fine-grained siliciclastic sediments (sandy
with coarse skeletal debris. In situ tubeskofphuscan occur  silts, silty clays, fine-grained sandstones).

at the top of rudstone beds. In the upper part, the Bermoti

Member shows again dolomitization (Fig. 2). The skeletal

assemblages of the rudstone sheets in this part of the sectiop Discussion

are dominated by biconvex discoidal lepidocyclini@sile-

pidina dilatatg 2 cm @) and corallinacean branches. A thin 4.1 Biostratigraphy

(5cm) bed of poorly sorted, bioclastic lithoclast rudstone is

intercalated in the upper part of this unit. It is well winnowed Biswas (1992) assumed a Rupelian age for the Coral Lime-
and dominated by angular lepidocyclinid limestone litho- stone Member based on the presencEwepidina dilatata
clasts< 1.5 cm. Dolomite clasts, ferricrete clasts and quartzand Nummulites fichteland a Chattian age for the Bermoti
grains are present as well. The top of the Bermoti Member isviember due to its typical fauna. In fact, the presence of
represented by a red mottled dolomite with ferriclastic sandN. fichteli N. aff. vascus N. sublaevigatusnd E. dilatata
(Fig. 2). indicates an early Chattian age (SBZ22B of Cahuzac and
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Fig. 3. Field aspects of tempestite facies in the Maniyara Fort Formgtidvast tempestite shell beds exposed in the bed of Bermoti River.
(b) Large lepidocyclinids are the dominant constituent of tempestite deposits in the lower part of the Coral Limestone (dgMassive

coral colony encrusting the surface of a tempestite shell bed; Coral Limestone Mémliettensive decapod burrow system at the top of a
larger foraminiferal shell bed; Coral Limestone Memlfe).Mass accumulations of irregular echinoids characterise the tempestite deposits
of the Bermoti Member(f) Concentration oEupataguscoronas in lepidocyclinid rudstone facies; Bermoti Member. One square on the
graphic scale is 1 cm.

Poignant, 1997) for the lower part of the Coral Limestone (Kornicker, 1961) and common dolomitization (Fig. 2). The
Member while the absence dblummulitesand the presence formation of dolomite is considered to be an early diagenetic
of E. dilatatasuggest a late Chattian age (SBZ23 of Cahuzaorocess because it is restricted to distinct beds and within
and Poignant, 1997) for the upper part of the Bermoti Mem-close stratigraphic proximity to emergence horizons. Less re-
ber (Fig. 4). The Khari Nadi Formation is dated to the Aqui- stricted shallow marine conditions are documented by in situ
tanian by the occurrence Miogypsina taniBiswas, 1992).  coral patch reefs.
Laterite soils and their reworking products are well known
4.2 Depositional environments from the Cenozoic succession of Kachchh (e.g. Biswas,
1992; Valeton and Wilke, 1993; Valeton, 1999). Accordingly,
For the Maniyara Fort Formation, a shallow restricted innerpedogenesis during partial emergence of the KMU and de-
ramp environment is indicated by the occurrence of in situnudation of lateritic soils that formed on exposed Deccan
Kuphustubes (Reuter et al., 2008), an individual-rich, mono- Trap basalts during the Eocene (Valeton, 1999) are docu-
typic (Bairdia) ostracod assemblage in the micrite-rich facies mented by ferruginous crusts (relics of laterite soils) and
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Fig. 4. 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).

red motteling as well as intercalations of ferriclastic sand4.3 Sequence stratigraphic correlation: effects of sea
at the base and top of the Bermoti Member (Fig. 2). The level and tectonic uplift on sedimentation
ferriclastic conglomerate at the base of the Khari Nadi For-
mation (Fig. 2) shows the foreset/topset pattern of a SWDue to its position in the inner Kachchh Basin (Fig. 1)
prograding Gilbert-type delta. Ferriclastic components typ-the KMU was isolated from coarse-grained terrigenous dis-
ically represent nodules or fragments of nodules with pe-charge, which may have entered the basin from the continent.
dorelics suggesting a laterite origin. Associated pebbles ofnly clay minerals had the chance to arrive on the carbon-
white agate indicate that the ferriclasts originate from theate ramp as suspension load from the basin margins. There-
erosion of lateritic crusts that developed on weathered Decfore a coarse-grained terrigenous fraction must have had lo-
can Trap basalts. cal sources in the area of the KMU during relative sea level
The occurrences of glauconite grains seem to contradictowstands. Moreover, the very shallow depositional environ-
an episodically emerged shallow ramp setting since thisments throughout the Maniyara Fort Formation show that
mineral is commonly considered to be a sensitive indica-even a few metres sea level fall must have resulted in the
tor of low sedimentation rates in outer shelf or even greateremergence of the KMU ramp at the Bermoti River locality.
depths & 100 m; Amorosi, 1997; El Albani et al., 2005). Be- Although the amplitudes of the late Oligocene third-order
cause the glauconite is always associated with ferruginousea level cycles may vary on a regional scale (e.g. Stocchi
crusts/ferriclastic sand and dolomite in the Bermoti River et al., 2013), they were in the range of several tens of me-
section (Fig. 2), it is, however, more likely that it derived tres (Kominz and Pekar, 2001; Miller et al., 2005; Hardenbol
from the reworking of the glauconite-bearing sediments fromet al., 1998). The study site could have been flooded there-
the Basal Member of the Maniyara Fort Formation than hav-fore only during their highstands (Fig. 4). Dolomitization as
ing formed autochthonously. Consistent with this interpre-well as reworking and input of terrigenous sediment charac-
tation is the documentation of considerable concentrationgerise the early and late highstands while more open marine
of reworked glauconite grains in a variety of shallow-marine conditions enabled coral reef growth during maximum flood-
environments which are either due to subaerial shelf expoing (Fig. 4). The increasing restriction of the KMU carbon-
sure during relative sea level fall or due to remobilization of ate ramp during the Oligocene, which is displayed by the in-
glauconite by storms and tidal currents during relative seacreasing dolomitization and the disappearance of reef corals
level rise (Amorosi, 1997). Such detritic glauconite is pref- towards the top of the Maniyara Fort Formation, documents
erentially accumulated within coarse-grained, high-energya decreasing accommodation space due to the advancing up-
deposits, interbedded with glauconite-free, low-energy sediift of the KMU tilt block (Fig. 4). As a result of this tectonic
iments (Amorosi, 1997) like in the Bermoti River section. movement extensive parts of the KMU became permanently
In contrast, autochthonous glauconite is mostly concentrateéxposed in higher elevated areas at the onset of the Aqui-
at the tops of coarse-grained units in transgressive shallowanian and the Oligocene and Eocene cover was removed.
water successions because glauconitization commonly postfFhis unroofed the about 3000 m-thick siliciclastic Mesozoic
dates high-energy sedimentation (Amorosi, 1997). This is,core of the KMU and its siliciclastic weathering products
however, not observed in the studied section. suffocated the carbonate ramp. Since that time the shallow-
marine carbonate factory has not been able to recover in the
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Kachchh Basin due to a steady input of siliciclastic sedi- Oligocene—Miocene ramps, autochthonous larger benthic
ments. foraminiferal facies with coralline red algae extend from the
For sequence stratigraphic interpretation (Fig. 4), we fol-only few metres deep coral patch reef zone towards deeper
low Hardenbol et al. (1998) since their charts result from middle ramp settings. Thereby, the size of the same lepido-
global composite stratigraphic records and are well cali-cyclinid species increases with greater water depth and their
brated to the GTS2012 (Gradstein et al., 2012). Possibly betshape changes from very inflated to flat. Flat discoigzdi-
ter constrained sea level estimates derived from backstripdocyclinatests with diameters 3 cm represent the greatest
ping analysis are confined to the northern Atlantic marginwater depth in this modet 40—60 m). The smaller size and
(e.g. Van Sickel et al., 2004; Kominz et al., 2008) and maymore biconvex shape of the lepidocyclinids in the Maniyara
not be applied to the Eastern Tethys region. Based on largefort Formation indicate a shallower palaeodepth at their liv-
benthic foraminiferal biostratigraphy the studied part of theing place. In the Bermoti River section coronas of the irreg-
Maniyara Fort Formation can include the entire Chattianular echinoidEupatagusare most common in lepidocyclinid
(SBz22A-SBZ23). The studied sedimentary record includesconcentrations (Figs. 2 and 3f). Li#ipataguss commonly
three unconformities, which can be interpreted to represenfound between 10 and 60 m water depth on coral sands of the
three relative sea level lowstands (Fig. 4). The Aquitanianfore reef slope (Mortenson, 1951; de Ridder, 1984; Schultz,
age of the Khari Nadi Formation assigns the unconformable2005, 2009). Although little is known about its ecology, a
contact to the Maniyara Fort Formation to the Ch4/Aql se-functional morphological approach suggests that it is shal-
quence boundary. Due to biostratigraphy, the lowermost unfow burrowing (Kanazawa, 1992). Morphologically similar
conformity can be either correlated to the Ru4/Chl or theforms with enlarged spines are capable of rapid re-burial after
Ch2 sequence boundary. Consequently, the following unconelisturbance, which allows settlement of higher-energy habi-
formity can either represent the Ch2 or Ch3 sequence boundats disturbed by wave turbulence.
ary. Since no evidence for an amalgamated unconformity ex- The skeletal assemblages of the shell beds in the mid-
ists, the relative sea level lowstand, which is documented bydle part of the Bermoti Member are dominated Agnus-
the ferruginous crust at the base of the ferriclastic sandstonesiopecten and irregular echinoids Schizaster sufflatyis
in the lower part of the Bermoti Member (Fig. 2), most likely (Fig. 2). Mandic and Piller (2001) have shown that shell con-
correlates with the Ch3 sequence boundary. Accordingly, thevexity, thickness and ornamentation of pectinids is related to
lowermost unconformity, which is represented by the ferrug-life style and habitat and can be used as proxies for hydraulic
inous crust in the Coral Limestone Member (Fig. 2) can beregimes and water depth. The extinct gedumsussiopecten
correlated with the sea level lowstand that produced the Ch2s morphologically very close to the extalitnusiunmwith its

sequence boundary. type speciefAmusium pleuronecte8oth are characterised
by light and disc-shaped shells often with moderate ribbing
4.4 Shell bed taphocoenoses and deposition indicating a deeper low energy environment (Mandic and

Piller, 2001). ModernAmusiumpreferentially live in few

The skeletal assemblages in the shell bed facies contain sulbens of metres water deptAmusium pleuronectds most
stantial amounts of biota, which are completely lacking in thecommon between 18-40 m water depth (Brand, 2006) and
autochthonous micrite-rich facies (gastropods, larger benthidmusium ballotiis typically found in 30—60 m (Himmel-
foraminifers, coralline red algae, irregular echinoidlmus-  man et al., 2009). Accordingly, comparable pectinid shell
siopectenFig. 2), indicating extensive lateral sediment trans- beds in the Burdigalian of Egypt, characterised by low di-
port. The highly diverse gastropod faunas derived from shalversity, thin shells and weak sculpturing, were interpreted
low nearshore environments (Harzhauser et al., 2009). Gito have formed by winnowing in a few tens of metres wa-
ant conchs such d3ilatilabrum sublatissimugor instance  ter depth (20-40m) close to the storm wave base (Mandic
are found today in seagrass meadows and sheltered lagoorend Piller, 2001)Schizaster sufflatuis typically associated
where they live partly buried in the soft substrate (Ban- with the Amussiopectemass occurrences in the middle part
del and Wedler, 1987). Accompanyi@iypeasterechinoids  of the Bermoti Member (Fig. 2). Althoug8chizasteechi-
also occur most commonly in sandy sediments with seagrassoids are reported from more than 350 m water depth, most
patches at present day (Hendler et al., 1995). Schizasterspecies occur in inner neritic environments (5—

Larger benthic foraminifers are the main constituents of 100 m) at present-day (Mortensen, 1951). The distribution of
shell bed taphocoenoses in the lower part of the Coral Lime-Schizasteiseems primarily controlled by the availability of
stone Member and in the upper part of the Bermoti Mem-suitable soft sediment bottoms. There it clearly prefers habi-
ber (Figs. 2 and 3b). In the latter case they are typicallytats with muddy silt to fine sand bottoms, exploiting bacte-
associated with coralline red algae (Fig. 2). Larger benthicrial and meiofaunal food sources accumulated at the redox
foraminifers are apparently susceptible to re-sedimentatiordiscontinuity potential layer (Schinner, 1993). Due to this
as they lack any form of attachment or stabilization af- habitat preferenc&chizasteris usually found in protected
ter death (Pedley, 1998). Following the idealised rampshallow or deeper settings where a sufficiently thick layer of
profile of Pedley (1998) for the central Mediterranean fine-grained sediment is present. SilSmhizaster sufflatus
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always associated witAmussiopecteim the Maniyara Fort  tsunamites, in particular in shallow-marine carbonate envi-
Formation a deeper habitat is indicated. ronments, remains difficult. The shell beds of the Maniyara
Although the shell bed taphocoenoses contain substanFort Formation formed exclusively in a shallow inner ramp
tial amounts of deeper water biota, colonization of the shellsetting on the gentle inclined homoclinal KMU ramp. This
beds byKuphusand reef corals (Fig. 3c) clearly indicates setting is most intensely affected by erosion of an incoming
that these shells were concentrated in a very shallow intsunami wave (Puga-Bernab et al., 2007). The subsequent
ner ramp setting. Bioclast-fille@allianassaburrows below  backflow transports the previously eroded sediments basin-
the erosive base oAmussiopecteirregular echinoid shell wards and produces a thick shell-debris bed on the deeper
beds in the Bermoti Member (Fig. 2) proofs that the exten-ramp (Puga-Berndu et al., 2007) while nearshore backflow
sive sediment transport from deep to shallow water occurregdsediments have a patchy or channelised distribution (scour-
during high-energetic sedimentation events (Wanless et aland-fill structures; Einsele et al., 1996; Feldens et al., 2009).
1988; Seilacher and Aigner, 1991). Due to the properties ofSince these features are missing, tsunami events cannot ac-
the stereom, the echinoderm skeleton is easily abraded ancbunt for the extensive shell beds of the Maniyara Fort For-
transported after death (Chave, 1964). Immediate burial isnation.
therefore essential for complete preservation of articulated In contrast, coarse-grained (proximal) tempestites can
or lightly skeletonised specimens (e.g. irregular echinoids,cover extensive areas on shallow ramparts (Seilacher and
Fig. 3e, f) (Kidwell, 1991). Similarly, rapid burial during a Aigner, 1991; Rasser and Riegl, 2002[i§¢l, 2004). The
catastrophic sedimentation event might also be responsiblprocess of storm sedimentation changes, however, tremen-
for the in situ preservation of articulated crabs in the shelldously with the kind of sediments, the physiographic set-
bed at the base of the ferriclastic unit (Brett and Seilacherting, and water depth (Seilacher and Aigner, 1991). Gagan
1991). The occurrence of in sikuphustubes and large de- et al. (1990) describe processes of sediment reworking in
capod burrows at the top of shell beds (Fig. 3d) reveal a bio-deep water and re-deposition in shallow water during cy-
logical overprint that obliterated primary sedimentologic fea- clone Winifred, which are consistent with our observations.
tures (Sepkowski et al., 1991). Conspicuously, the surface offhe study shows that strong wave oscillation currents re-
the coral patch reef at the top of the Coral Limestone Mem-suspended mid-shelf sediment and, combined with unidi-
ber, which is flanked by a skeletal rudstone (Fig. 2), is in-rectional wind-forced currents, transported it towards the
tensively bored by bivalves and encrusted by corallinaceansshore and along the shelf. Possibly, the low density skele-
This suggests that bioclastic event sedimentation had suffotons (echinoderms, larger benthic foraminifers) and/or the
cated the corals at first and later the unconsolidated bioclastiflattened shape (larger benthic foraminifekspussiopecten
sediment was removed by agitated water from the most eleef the predominant deeper water components in the shell
vated part of the buildup so that dead coral surfaces becamieeds caused a high transport capacity (Mandic and Piller,
exposed and subjected to intense bivalve boring and biogeni2001; Nebelsick and Kroh, 2002) despite of their large grain

encrustation. size. This may explain the low diversity of the skeletal as-
semblages in the shell beds. Accordingly, calculated thresh-
4.5 Origin of event deposits: tempestite old shear velocities for large-sizétimmulitesconfirm that
versus tsunamite the larger benthic foraminifers can be easily moved by weak

wave-driven currents (Jorry et al., 2006). The uppermost
At the recent coast of Kachchh high-energy wave events|arger foraminiferal shell bed in the Coral Limestone Mem-
which are capable of eroding sediments in relatively deepber differs from all other shell beds by its wedge-shaped ge-
water and re-depositing these in shallow water, are causedmetry, a muddy matrix, and the presence of detritic glau-
by tsunamis and tropical cyclones (Nigam and Chaturvediconite (Fig. 2). A modern analogue may be represented by
2006). Both processes result in a mixing of skeletal com-the coastal mud wedges, which were produced by Hurricane
ponents representing different environments and can formAndrew at the southwest Florida coast (Risi et al., 1995).
vast shell beds (Kortekaas and Dawson, 2007; Donato et alThese up to 1 m thick and over 3km long sediment wedges
2008). Synsedimentary uplift of the KMU block indicates formed just seaward of the shoreline as the surge flood wa-
that tsunamis may have been triggered by seismic activity ater retreated. Consistent with this interpretation, the wedge-
the northwestern margin of India, which was related to trans-shaped shell bed in the Coral Limestone Member formed at
pressional tectonics in response to the convergent movemetthe onset of flooding after a sea level lowstand (Fig. 4) and
of Asia and India during the late Oligocene (Shanker, 2001 ;the fine-grained terrigenous matrix and detritic glauconite in-
Gunnell etal., 2003; Sheth, 2007). Since most of the researcHicates strong sediment discharge from a close by hinterland.
on tsunami deposits focuses on onshore areas and siliciclaga contrast, the pure carbonatic sheet-like shell concentra-
tic coasts and most established criteria also apply for stormions possibly formed when the shallow carbonate ramp was
deposits (e.g. Fujiwara and Kamataki, 2007; Morton et al.,isolated from the hinterland during the inundation episodes
2007; Donato et al., 2008; Feldens et al., 2009; Bahlburg etFig. 4).
al., 2010; Engel and Bickner, 2011), the identification of
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4.6 Tropical cyclone environment supposed as negligible factor for tempestite deposition in the
late Oligocene Kachchh Basin.

Gray (1968) defined the primary environmental factors to . ) .
be favorable for tropical cyclone formation. These include 4-6-2  Environmental relative humidity

(1) sea surface temperature, (2) geographic location, (3) en- ) o »
vironmental relative humidity, and (4) vertical wind shear. Environmental relative humidity is another critical factor of

While this is not a complete list of environmental parame- ¢yclogenesis (Hill and Lackmann, 2009). Modelling exper-
ters that are relevant to cyclone genesis and intensificatiodMents suggest that the presence of dry air from the Sahara
they seem well suited to conclude on the large-scale tropical€9ion may result in lower averaged humidity and weaker
cyclone environment over the late Oligocene Eastern Tethyst_roplcal cyclones in the Atlantic compared to the Pacific (Hill

Other environmental parameters associated with the genesf?d Lackmann, 2009). Evan and Carmago (2011) mentioned
of tropical cyclones, e.g. low-level cyclonic shear vorticity also that the entrainment of dry desert air from the surround-

(Wang et al., 2012), are difficult to evaluate from the geolog-ing environment into any storm that entered the Persian Gulf
ical record. overwhelm the effects of very warm sea surface water and
low vertical wind shear. For the late Oligocene no data exist
] ) on air humidity over the Tethys Ocean. Potential sources for
4.6.1 Sea surface temperatures and geographic location -y air were the Arabian and North African deserts. Accord-
ingly, generalizing palaeoclimatic maps indicate a relative
Tropical cyclones develop only in regions where the SST isarid climate in North Africa and the Middle East region simi-
above 26.5C and where the depth of the 26 isotherm is  lar to the present-day situation (PALEOMAP website, 2012).
60 m or more below sea level (Gray, 1998). Most of them John et al. (2003) considered also that episodes of Antarc-
occur between ZON and 20 S but none occur within about tic cooling (Mi events) probably resulted in a stronger ther-
2.5 latitude of the equator (Gray, 1968). The late Oligocenemal gradient between the Southern and Northern Hemisphere
Kachchh Basin was located at’1d (Chatterjee et al., 2012) during the middle Miocene, which would have induced a
in the tropical cyclone belt and climate modelling suggests anorthward shift of the ITCZ bringing moisture and rainfall
generally higher Oligocene global SST than today due to a&o northern Africa. In contrast, the tropical rain belt would
higher atmospheric C£concentration and a different global have been located further south over Africa during non-Mi
heat transport (von der Heydt and Dijkstra, 2006). Impor-event times like the Late Oligocene Warming. Otherwise,
tantly, the studied sedimentary succession represents onllarge parts of the Arabian Peninsula and Middle East region,
sea level highstands (insolation maxima; Fig. 4). Eustatic seavhich are covered by deserts at present-day, were part of the
level and climate are closely linked: as the climate warms theshallow-marine Tethyan Seaway during this time providing
sea level rises due to the melting of the global ice sheets and source for humid oceanic air §8l, 1998; Popov et al.,
as the seas warm, the ocean has more energy to generate trd}04). This applies also for large parts of central Asia, which
ical cyclone winds (Elsner et al., 2008). Moreover, the stud-were covered by the Paratethys SeadR1998; Popov et al.,
ied tempestite sequence was deposited in a globally warn2004). Desertification of this region was associated with the
climate interval at~27—24 Ma (Late Oligocene Warming) shrinkage of this shallow epicontinental sea in the Miocene
when the long-term glaciation of Antarctica terminated (Za- (Ramstein et al., 1997). Therefore, tropical storm develop-
chos et al., 2001, 2008; von der Heydt and Dijkstra, 2006).ment over the late Oligocene Eastern Tethys was probably
This implies that the tropical Eastern Tethys had exceedeahot limited by dry environmental air like in the Persian Gulf,
the SST threshold necessary for the development of strongvhich is only a relatively small, semi-enclosed body of wa-
cyclones during the time intervals represented by the Bermotter.
River section.
Nowadays, surface wind associated with a low-level4.6.3 Vertical wind shear
southwesterly jet off the eastern coast of northern equato-
rial Africa (the Somali or East African jet) forces an off- Important pre-condition for cyclone formation is a large-
shore Ekman flow, upwelling along the coast of East Africascale environment with small vertical wind shear (Gray,
and the Arabian Peninsula, and cooling of the Arabian Sed 968). The strength of the vertical wind shear over the Ara-
during the height of the monsoon season (July—Augustbian Sea is dependent on the strength of the Indian summer
Evan and Camargo, 2011). Despite this wind-driven cool-monsoon and the tropical easterly jet higher up in the atmo-
ing of the western Arabian Sea, ocean surface temperasphere. The high-altitude winds flow from the opposite direc-
tures over large parts of the basin remain, however, abovéion of the low-level monsoon winds creating a high vertical
the temperature threshold for cyclogenesis the entire yeawind shear, which halts cyclone formation by blowing off the
(26.5°C), and most storms form in the eastern Arabiantop of tropical storms (Hubert et al., 1983; Rao et al., 2008;
Sea, where surface temperatures are warmer (Evan and Cafrishna, 2009). Weakening of the Indian summer monsoon
mago, 2011). Therefore, SST cooling in upwelling areas isis favorable for the formation of more severe tropical storms
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Fig. 5. Facies model for shallow-marine tempestite deposition on the Kachchh 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 assemblages refefapTeignpstites with abundant
Amussiopecterepresent the deepest storm wave béspA moderately deep storm wave base is indicated by reworking and nearshore
deposition of large lepidocyclinidéc) Gastropod shell beds document storm reworking in shallow water.

because it is coupled to a decrease of the vertical wind sheauplift is, however, a matter of considerable debate (Wang et

(Rao et al., 2008; Evan et al., 2011). al., 2008). There is emerging evidence for regionally high
The Indian monsoon is an integral part of the Asian mon-Tibetan palaeoelevations early during the Indo—Asia colli-

soon system. Of greatest relevance to the strength of thision indicating that an early plateau formation may have al-

large-scale atmospheric circulation is the land—sea thermaleady contributed to monsoon intensification at the Eocene—

contrast that creates a vast low-pressure system over Centr@lligocene transition (Dupont-Nivet et al., 2008; Hoorn et al.,

Asia during summer, drawing in warm and humid air from 2012, further references therein). Consistently, it is hypoth-

the Arabian Sea towards the Tibetan Plateau (Webster et alesised from the compilation of pollen data from China that

1998). Due to this thermal and further orographic controlsthe transition to the monsoon climate in East Asia occurred

Himalayan-Tibetan Plateau uplift since the Indo—Asia col-in the latest Oligocene (Sun and Wang, 2005). In line with

lision has been inferred to be the main force for the evolu-this evidence, it is likely that vertical wind shear associated

tion of the Asian monsoon (e.g. Ruddiman and Kutzbach,with an early monsoon circulation had affected cyclone for-

1989; Raymo and Ruddiman, 1992). Uplift of this area be-mation over the late Oligocene Eastern Tethys.

gan~50Ma ago (Eocene) during the initial collision and

was intensified during the early Miocene (Chatterjee et al. 4.7 Monsoon impact on late Oligocene tropical

2012). The onset of aeolian deposition on the Chinese Loess ~ Ccyclone trends

Plateau shows that the major change towards an Asian mon-

soon climate was achieved at22 Ma (early Miocene: Guo 1he low palaeodepth gradients during the inundation
etal., 2002, 2008). Since then the overall trend is one of grad€Pisodes show that changing compositions of the skeletal as-

ually increasing monsoon strength to 10 Ma (late Miocene)semblages in the tempestites of the Maniyara Fort Formation
with an unusually weak monsoon between 16.5 and 15 mdnust reflect a shifting of the storm wave base rather than wa-

(Clift et al., 2008). The exact timing of the Tibetan Plateau ter depth fluctuations related to sea level changes. A shallow
storm wave base is shown by the association of nearshore
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weak monsoon. The reduced storm intensity and frequency
during the following third-order sea level highstand indicates
a strengthening of the monsoon and associated vertical wind
shear. In contrast, a very weak or even absent monsoon might
have favored the intensification of tropical storms during the
third-order sea level highstand after the Ch3 sequence bound-
ary of Hardenbol et al. (1998). A comparable decline of the
monsoon over northern India and China has been recorded at
16.5—-15 Ma in weathering records from the Arabian Sea, the
Bay of Bengal and the South China Sea (Clift et al., 2008;
Wan et al., 2010). It corresponds to the Middle Miocene Cli-

I
— |
first aeolian deposits |
on the Chinese Loess |

Plateau \I

-

N
‘\II\

50 (%)

4 Miocene Oligocene Eocene mate Optimum (MMCO; Fig. 6), when the global annual
10 MMCO g LOW 45 20 surface temperature was3-4°C higher than today (You,
age (Ma) 2010). Of greatest relevance to the strength of the Asian sum-

. . - . _mer monsoon is the temperature over the Tibetan Plateau
Fig. 6. Deep-sea benthic foraminiferal oxygen isotope curve as esti-

mate for the Eocene—Miocene evolution of the global climate (mod-reglon because_|t provides source for heating in the lower
ified after Zachos et al., 2008; LOW =Late Oligocene Warming, atmosphere during Summer tha.t crgates a vast lOW'p':ess_ure
MMCO = Middle Miocene Climate Optimum). Blue arrowheads SyStem over central Asia, drawing in warm and humid air
indicate the Ch2 and Ch3 sequence boundaries of Hardenbol f0m the Indian Ocean towards the plateau (SW monsoon;
al. (1998). The onset of aeolian sedimentation on the Chinese Loess0es et al., 2005). Weakening of the Tibetan Plateau surface
Plateau is considered as proof for the initiation of the Asian mon-sensible heat flux in a warming world is therefore expected
soon (Guo et al., 2002). to have a strong influence on certain regions of the Asian
summer monsoon in which Tibetan Plateau thermal forcing
plays an important role (Wu et al., 2012). Consistent with
mollusc faunas withClypeasterechinoids and reef corals this, the strong decline of the monsoon over northern India
(Fig. 5¢). An intermediate depth of the storm wave base is in-during the MMCO has been interpreted to reflect a decreased
dicated by mass accumulations of large lepidocyclinids withtemperature gradient between the tropical Indian Ocean and
frequentEupataguschinoids and/or some amounts of coral- the Asian landmass (Reuter et al., 2012). Interestingly, the
linaceans (Figs. 3f and 5b). The deepest storm wave baspeak of storm activity in the Kachchh Basin correlates with
is represented by thamussiopecten-Schizasi@ssemblage the temperature maximum of the late Oligocene warm pe-
(Fig. 5a). Despite of the incomplete stratigraphic record andriod at~ 24 Ma, which has a comparah$¢®0 range in the
relative low biostratigraphic resolution, we think that the sec-global deep-sea oxygen isotope record (Zachos et al., 2008)
tion is suited to reconstruct long-term atmospheric variabil- (Fig. 6). This oxygen isotope record provides not only con-
ity from these storm wave base depth estimates as indicatastraints on the evolution of deep-sea temperature and conti-
for storm intensities. Regional effects and climate variability nental ice volume but also represents a time-averaged record
during a glaciation cycle are assumed as to be insignificanof high latitude SST because deep ocean waters derived pri-
for this interpretation because it refers to a single outcropmarily from cooling and sinking of water in polar regions
which records third-order sea level highstands only. (Zachos et al., 2001). It implies that the temperature maxi-
The larger benthic foraminiferal tempestite succession amum of the Late Oligocene Warming had a similar magni-
the base of the Maniyara Fort Formation documents frequentude than that of the MMCO causing a weak thermal con-
storms of moderate intensities (Fig. 2) during the highstandrast between the tropical Tethys and the Asian continent. In
of the third-order sea level cycle that follows on the Ru4/Ch1contrast, the slightly heavier deep-sea oxygen isotope values
sequence boundary of Hardenbol et al. (1998). A reducedluring the temperature maximum of the previous third-order
storm activity is indicated for the next third-order sea level sea level cycle at- 26 Ma (Fig. 6) suggest that this global
highstand by the decreased abundance of tempestite beds ateperature rise was not high enough to prevent the Indian
their shallow wave base (Fig. 2). The highest storm activity issummer monsoon.
documented for the third-order sea level highstand after the
Ch3 sequence boundary of Hardenbol et al. (1998) due to fre-
quent storm beds and deep storm wave base depths estimates Conclusions
(Fig. 2). Principally, the winds over the Arabian Sea are con-
sidered as meaningful indicators for the strength of the IndianThe Maniyara Fort Formation in the Kachcch Basin (NW In-
summer monsoon (Wang et al., 2003). Accordingly, the mod-dia) comprises a succession of vast shell beds composed of
erate tropical storm intensity during the first third-order sealarger benthic foraminifers, molluscs and echinoids that were
level highstand points to a relatively low vertical wind shear deposited in an isolated inner ramp environment during the
over the Eastern Tethys due to the presence of a relativelyate Oligocene. Sediment deposition occurred only during
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third-order sea level highstands separated by long-lasting Miocene setting, Mejillones Peninsula, northern Chile”, Sedi-
erosional gaps. The skeletal components represent a mixture ment. Geol., 228, 77-80, 2010.

of different marine environments documenting extensive sedBandel, K. and Wedler, E.: Hydroid, amphineuran and gastropod
iment transport from deep to shallow water by severe tropi- zonatiqn in the I.it.toral of the Caribbean Sea, Colombia, Senck-
cal storms (cyclones). Three major biotic assemblages point  €nPergiana maritima, 19, 1-129, 1987. _ _

to variable storm intensities: (1) shallow storm reworking Biswas, S. K.: Rift basins in the western margin of India and their

is indicated by nearshore gastropo@dypeasterechinoids %irsocgggn prospects, B. Am. Assoc. Petrol. Geol., 66, 1497~

and ree.f corals; (2) an_'mermeqlated Storm Wave_ t?ase IS reBiswas, S. K.: Regional tectonic framework, structure and evolution
flected in larger benthic foraminiferal (lepidocyclinids) de-  of the western marginal basins of India, Tectonophysics, 135,
posits with abundarEupataguschinoids and corallinacean 307-327, 1987.

algae; (3) a deep storm wave base caused high amounts @fswas, S. K.: Tertiary stratigraphy of Kutch, J. Palaeont. Soc. In-
Amussiopectehivalves andschizasteechinoids in the tem- dia, 37, 1-29, 1992.

pestites. The intensity of tropical cyclones over the recentBiswas, S. K.: A review of structure and tectonics of Kutch Basin,
Arabian Sea is primarily controlled by the strength of the ver-  western India, with special reference to earthquakes, Current
tical wind shear, which is depending on the strength of the In-_ Sci-, 88, 1592-1600, 2005. _

dian summer monsoon. Accordingly, the reconstructed longBiswas S. K. and Deshpande, S. V.: Mode of eruption of Deccan
term storm intensity trends from the Maniyara Fort Forma- Iza%ivalsdf‘iv't{';?%ec'a' reference to Kutch, J. Geol. Soc. India,
tion are_mterpreted to reﬂeq monsoon var|ab|I|t_y over north—BiSWésl S K. a,nd Raju, D. S. N.: Note on rock-stratigraphic clas-
ern Indla during the late Oligocene. For the third-order sea sification on the Tertiary sediments of Kutch, Q. J. Geol. Min.
level highstand that follows on the Ch2 sequence boundary etall. Soc. India, 43, 177-180, 1971.

(~ 26 Ma) the low tempestite frequency and relative shallowgrand, A. R.: Scallop ecology: distributions and behaviour, in: Scal-
storm wave base depth suggest already the action of a rela- |ops: Biology, Ecology and Aquaculture, edited by: Shumway, S.
tive strong Indian monsoon. In contrast, a weak Indian mon- E. and Parsons, G. J., Dev. Aquaculture Fish. Sci., 35, 651-744,
soon is indicated for the next third-order sea level highstand 2006.

(~ 24 Ma) by frequent tempestites representing a deep storrBrandt, D. S. and Elias, R. J.: Temporal variations in tempestite
wave base. This Indian monsoon decline correlates to the thickness may be a geological record of atmospherig,@32ol-
temperature maximum of the Late Oligocene Warming and_ °9Y: 17, 951-952, 1989. _ . _
implies that this global temperature rise had largely reduced®¢tt - E. and Seilacher, A.. Fossil Lagétten: a taphonomic

. consequence of event sedimentation, in: Cycles and Events in
the land—sea thermal contrast between the tropical Tethys and Stratigraphy, edited by: Einsele, G., Ricken, W., and Seilacher,
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