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. ABSTRACT

]

_Ninéteen sites have been drilled in the'Eastern.Indian-Ocean. '
_Sedimenté-range-in age from Oxfordian (155 m.y.) to Repent.- Theylare
divided acoustically into a lower transparént unit; a layered ﬁhit, and |
an upper transparent unit. These generally correspon& to pelagic olay,.
calcareous ooze, and siliceous aoze respectively., The pelagic clays
appear to have been defdsited below the lysocline, Locally, fhese clays
are rich in zeolites, and also in places in nannofossil remains. The o
clayg are highly siliceous; the silica is mainly of terrigenous origin, '

some is of biogenic origin, and a small amount may be volecanic. - The

-calcareous oozeé.are composed mainly of foraminiferal and nannoplankton

remains, These oozes are partiéularly abundant on shallow ridge and
plateau sites, above the 1ysociine, but in places turbidity currents have -
also deposited_calcareous oozes well below the iysocline.' The siliceous
oozes appear to be_assbciated with the equatorial zone of high productiiity.
Other éediment.types include volcanogenic mud; eand; and gravel, and pyro-

clastics, all of which are mainly restricted to the ridge and plateau

Bites. Glauconitic calcareous sediments are also common at some of these

ahallow sifes. Terrigenous silts and clays form a thick sequence in the

northwesi corner of the Eastern Indian Ocean, where they have been deposited

by turbidity currents associated with the Late Cenozoic Bengal Fan.,

.Compositionally, the Eastern Indian Ocean éediments are similar_
to oceanic sediments from elsewhere, although less rich in eomé metals,
Regional tren&s cannot be establishea here but several inter-element-
associations are evident, The Ca.CO3 content of the sediments varies
markedly, though the genefal_trgnd is of poorly calcareous Mesozoic sediments
(with a significént increase in the Albian) and richly calcareous Cenozoic

sediments, The rate of sedimentation also varies widely but there appears



to be a correlation of calcareous periods with times of rapid sedimentation,

'The pattern of sedimentation for the Mesozoic suggests that most of the

sediment was derived from Australia, with a minor source from the south

"(Antarcfioé) and possibly also a small‘contribution from'the:northwest.

In the Cenozoic the dominant sediment source was still from the east but
was mainly calcareous material derived from the_shelf_end slope, Bengal
Fan sediments form a major contribution in the northwest,
Overall,‘eedimentation was discontinuous at most aites, with
numerous unconformitiee within the sequence. These gaps in the records
and also the rate and type of sedimentation is'related to the pattern of

continent dispersal in the Mesozoic-Cenozoic. “The northward movement of

India was important as it opened a seaway to the west of Auatralia and

enabled cool erosive ‘currents to enter the region, thus modifying the sediment
pattern and producing major hiatuses, Subsequently, the influx of
Antarctic Bottom Water, and later the development of the Circum-Antarctic
Current have been important in influencing sedimentation in the Eastern
Indian Ocean,
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" INTRODUCTION

_The Eastern Indlan Ocean is a geoiogicaily.complex area of ridges,
plateaux and basins. It has been_ihvestigated by Legs 22, 26 and 27 of
the Deep Sea Drilling Project, and also to a limited extent by Leg 26;-

Nineteen sites were drilled within the study area (Figure 1) in a

" variety of physiographic-geologic locations rahgipg in water depth from

1253 m to 6243 m, including the Naturaliste Plateau (sites 258, 264);
on ocean ridges guch as Broken Ridge (site 255), and the Ninetyeast Ridge
(sites 214, 217,.253, 254); and on the Bengal Fan (site 218).  Nine sites

(211, 212, 213, 256, 257, 259, 260, 261, 263) were drilled in ocean basin

"locations (the Wharton Basin and its subsidiary Cocos Basin). The Bengal

Fan sediments (site 218) are dealt with elsewhere in this ﬁublication.
and conseqﬁently wiil not be coﬁsidered in detail here. Site 262 in
the Timor Trough is regarded as being geologically outside the Indian
Ocean. One site (215) was drilled in the central Indian Basin.

The etrafigraphic information obtained from the nineteen drill
sitesuin the.Eastérn Indian Ocean is summarized in Pigure 2, - Up to
773 m of sediment was drilled in the Bengal Fan (site 218), 746 m in the
Wharton Basin (site 263),_and 664'm on the Ninetyeast Ridge (site 217).
The oldest basement penetrated in thé region ﬁas at site 261 (155 million |

years) in the northeast corner of the Wharton Basin, The youngest

basaltic basement intersected was at site 254-on'the_N1netyeast Ridge,

with an age of about 40 million years. 7
The aims of the various DSDP legs in the region were to:
(1) obtain the oldest oceanic basement in the Eastern Indian
Ocean.and hence date the initial break up of Géndwanaland;
_(ii) determine the stratigraphy and biostratigraphy of the T

ocean basins, ridges and plateaux and so establish their_age,_'

nature, and historys
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--5(111) establish the paleoenﬁironment of the area and the effects of

_ the initiation of the Circum-Polar Currents
'(1v) - relateé ocean basin history to the continental geologic recdrd;
(v) “ ﬂéferﬁihe the history of the Bengal Fan and henoe the counss of
| Neogene denudation of the Himalayas.

The physical and chemical composition of the Mesozoic-Cenozoic
sediments of the Eastern Indian Ocean is relevant to all of these questions._
This'paper.yill examine the regional stratigraphy, sedimentology and - D
geochemistry, and will attempt to relate them to the history and paleo-. |

enfironments of the Mesozoic-Cenozoic Eastern Indian Ocean.

SEDIFERT THICKNESS AND DISTRIBUTION

The sediments of the Eastern Indian Ocean range in age from
Oxfordian (155 my) to Recent. The thickness of sediments deposited since
the initial rifting and establishment of open ocean conditions, range from

100 m or less in the western portion of the region to more than 1000 m _ ;

adjacent to the Australian continental shelf and within the Bengal Fan

(Pig. 3). - The isopachous map obtained by incorporating the results of
Ewing et al. (1969) and the DSDP seismic profiles (Fig. 3) serves to

illustrate the'dominant sediment sources in the regionj the Australian

* continent to the east and the Ganges and Brahmaputra Rivers to the northwest,

The thick sediments to the south of the Indonesian archipelago are thought

~to be more the result of increased sedimentation associated with the

equatorial zone of high productivity than a consequence of proximity to

the volcanic arc, = Another general feature which is apparent from figure 3

is the relatively thick sédimentary sequence on ridges, plateaux and rises

'i.e. above the carbonate compensation depth, where thick carbonate sequenées

are able to accumlate, Conversely, in the ocean basins (below the carbonate

compensation depth), the sedimentary sequence is comparatively thin, with

Jocal exceptlons (e.g. near aite_212) where sediments have been trapped in

small basins.
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Previous workeras (Ewing et al., 1969; Veevers, 1974} Veevers and

r;_ Heirtzler, 1974a) have shown that in many areas, particularly the abyssal

zone, the sedimentary sequence conéists of three acoustically distinct
‘z§hesz a lowefrtransparent unif,.a middle layered unit, and an upper
transparent unit (Fig..4). Deep Sea Driiling has revealed'that,fhe
tﬁree acoustic units may be correlated with partiéular lithologies, as
ﬁhown in Figure 2, The nature of the various sedimentary units will be
Jealt with In Astedl Tabss, ut 3% Ds sypesent fron Figmee d that the

lower transparent unit is a brown, grey and green clay, and claystone

with minor nannofossil ooze, The layered unit consists predomihantly of

1light-coloured nannofoséil or foraminiferal-nannofossil ooze with some
graded beds. The upper transparent unit is a siliceous diatom-radiolarian

00ze, The vertical andrlateral extent of these three units within the

- Wharton Basin is shown Schematically'in Figure 4, On the shallower ridges

and plateaux, tﬁe three-~fold division is generglly absent._ In the ocean
basins, the boundary between the lower transparent and the layered unit

is very sharp, apparently corresponding to a wéll.defined unéonformityvin

many areas (Fig. 5)s A Comparison of the acoustic record with the drilling

results (Fig. 2) indicates that in most areas this boundary may be

"~ correlated with a major’MesozoiésTertiary break., The only instance

. where the boundary between these two acoustic units extends down into"

the Cretaceous is at site 212 (von der Borch et al., 1974). Conversely,
fo the south the lower transparent unit extends up into the Cenozoic
(e.g. at site 257). | | |

" Badklig heleafly b fhe extent xod Hhdokewsn of Hhs Towss. -

transparent unit (Pig. 6), the general picture is one of marked thinning

_ vto the west., It should be pointed out that the data from which this

and the other isopachous maps in this paper are plotted are inadequate,

~and at best the maps represent no more than an approximation. 1In addifion



Indian Oeean, thinning rapidly to the'south. Acoustxcally transparent
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.: the'fresent day oceanic configuration shown is obviously not valid for

the Mesozoic and_early Cenozoic. Nevertheless, these maps do indicate

reglonal trends. The overall trend in Figure 6\is consistent with

~derivation of the sediment (predominantly clay) from the east, i.e. Australia.

There is no indication from this figure of a westerly sediment source.

There is a suggestion of a minor source area to the north or northwest

~the data here are insufficient to be certain of this, but information

discussed later gives further suppoft for this suggesfion and also for 5
some contribution from Antarctica in the Cretaceous, |

v The layered unit has a more cemplex distribution pattern |
(Fig. ) Again the section is thickest to the east, particularly adjacent
to the northwest Australian shelf Qhere thick ocalcareous cozes are &eveloped
above the carbonate compeneation depthe 1In additien, the 1ayefed unit
is fhick on the ridges end plateaux, In the abyssal zone it becomes
much thinner:and is. absent in many places. _ Locally, the layered unit
is ponded in basins (such as near site 212), well below the carbonate

compensation depth., These sediments have probably been deposited by the

. mass movement of calcareous sediment from the slope to below the lysocline,

A second type of'acoustically layered sediment as exemplified by the
seismic ﬁrofile at site 218 (von der Borch et al., 1974, P«331) is present
near the Bengal-Nicobar Fan, However, unlike the layered sediments else-
where, these sediments are non-calcareous or poorly calcareous, and
rep:esent the distal portion of the Bengal Fan turbidites. The Bengal
Fan deposits are not included in the isopachous map (Fig. 7).

The upper tramsparent unit is of very limited exteht. It is

- present asvan east-west band across the northern part of the Eastern

sediments occur only at sites 211, 213, 215, 260 and 261 (Fig. 8)
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't‘Indonesien grchipeiago, prcbabl&'because of the trapping of sediment by

5 ] & st el * B 5 .

_;_A minor amount of #olcanic:ash is present'in'the,sequence, but,there'

sppearsttc hawe_been little input of terrigenous sediment from the

the Java Trench. Most of the sediment is siliceous biogenic material
associated with equatorial high productivity. 7

_ So far, discussion of sediment thickness has been concerned
primarily with the abyssal zone.'. Data from the ridges and plateaux-are
less ebundant, elthough.as mentioned earlier the Iayered unit.(calcareous

oozes) is ccmmonly thicker on the shallow features than in the.abyssal

_zone, An additional trend which might be expected is that as the Ninetyeast

Ridge becomes progressively older and ‘deeper to the north, (Pimm, 1974a;
Sclater and Pisher, 19743 Luyendyk and Davies, . 1974), the sediments would
also become thicker, This does not appear to be the case either from :

the isopachous map (Fig. 3) or from the information provided by drill sites

on the Ridge (sites 217, 216, 214, 253 - Fig. 2). In fact, sediment

‘thickness is highly variabie'along this ridge; a rugged tcpography hasg
produced local basins in which there are thick: sequences of ponded sediments,
and topographic highs from which sediment has been eroded, . In addltion,'
input of volcanogenic material, such as at site 253 (Fig. 2) results in
marked local.increases in sediment thickness,

" The sediment'thickness'acrcss'marginal plateaux is rather
more uniform, although Petkovic (1975&, b) has shown that the sediment
thickness on the Naturaliste Plateaun ranges from 1 km or less on the

western flank,.to over 2 km on the eastern flank,
LITHOLOGY
The lithology of sediments at DSDP sites in the Eastern Indian

Oceen has been previously discussed by Pimm (1974a), Luyendyk and Davies
(!974);.Robinson_et al. (1974), and Bezrukov (1974), and this summary drsws
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-.'eiteﬁsively upon the;r work, The generél iange of sediments on the present

7 day sea floor is shown in Pigure 10, It has been indicated earlier that

a three-fold division of the sedimentary sequence is possible, based on

acoustic characteristics which are in turn related to 1ithology. 'HOWGVer;

the detailed picture is much more complex with a wide range of lithologies

ﬁresent at both the deep-water and shallow-water drill sites,  This range

of lithoiogies, based mainly on shipboard examination of smear mounts, is

jndicated in Figure 2. They may be grouped into a smaller number of

‘lithological units. The lateral and vertical disposition of fhe various
Isediment types in the.abyssal zone and shailow—water sites is shown in

Pigure 10, Figure- 10 is not meant to reﬁreSent a cross-section across .the
Bastern Indian Ocean; it mereiy illustrates schematically thé facies changes |

which occur between drill sites, Nevertheless, again in the abyssal zone

the trend is of abundant siliceous ocozes to the north and wéat, calcareous

oozes in the center, and clays to the sduth; A feature not evident earlier

is the characteristic occurrence of clays rich in nannofossils, at the

base of the sequence, The lateral changes in the shallower drill sites

are rather differents There is a general lack of clays on ridge and

‘plateau sites, except af site 258 on theiNaturaliste Plateau vhere clays are

abundant at the base of the section. As is to be expected at these shallow sites

above the carbonate compensation depth, calcareous oozes are the dominant

| sediment type; however, as a result of the volcanic origin of many of

these features (e.g. the Ninetyeast Ridge), volcanogenic sediments are

“common in places. The cherty limestones are also unique to the ridges:

and plateaux, Thick silts and clays associated with the Bengal Fan are

preseﬁt in the northwest corner of the Eastern Indiah QOcean. The variocus

' pediment types will now be discussed.

g, sk
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‘Siliééous clays and claystones

Siliceous clays and claystones occur throughout the Mesbzoic-

' Cenozoic of the abyssal zone drill sites but are particularly abundant

in the Mesozoic where they comprise the majority of the lower acoustically

. transparent unit, They contain the highest percentagelof clay-size material

(82% clay,mhee_Table 1) and are also the most siliceous of the sediments,
with an average 3102 content of 59.3 percent (TableIZ). Most of the
siiica.is in the form of microcrystalline or cryptocrystalline'quartz

and crystobalite. The degree of induration of the clays abpgars to

" correlate directly with the abundance of silica in the sediment and possibly

also with thé depth below the sediment-water interface,
The clays range from pale brown, pale green and pale gréy -

to olive grey and black, The classical brown or red-brown pelagic clays

. are comparatively rare, ~'In many cases.the darker the sediment the higher

thé percehtage of organic carbon; the clayé of sifé 263, contain up to

teh percent organic carbdn,-compared with an average of about 0.5 percent
organic carbon in most deepsea clays. Fdssiis are generally absent or
rare, but bioturbation is commonlin ﬁlaces (Fig. 11)s Luyendyk and Davies
et ai. (1974)»report that at site 258, bioturbation in‘the form of hoiizontal

or sub-~horizontal burrowing is ubiquitous throughout more than 200 m of

Vclays. In some cases, color mottling, probably of biogenic origin; is

also cdmpératively common, Where there has been little or no.biogenic
activity the clays and claystones are finely léminate.
Mineralogically the siliceous clays and claystones are composed
of approximately equal amounts of quartz/crystobalite and clay minerals,
with minor to trace feldspar, iron oxides, zeolites, calcite (from nannofossils),

detrital heavy minerals, and apatite (mainly from fish remaing, though Cook

. (1974a)‘records a thin phosphorite at site 259), Some of the silica is

probably of terrigenous origin, reaching the area by aeolian transport.
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: ﬁarticularly from Australia, However, a'significant proportion of the

silica is probably of biogenic origin, the silica from the siliceoué

organisms having'been dissolved and redistributed within the sediments,

présent in varying amounts,

; The clay minerals appear to be predominantly of defrital origin, wiih

kaolinite most common and-illite, chlorite, montmorillonite and palygorskite

Venkatarathnam (1974), has shown that three

. prdvinces may be delineated in the Eastern Indian Ocean on the basis of

sediment source - the Australian Province which extends as far north as

15°S and as far west as the Ninetyeast Ridge, the Indonesian province

The abundance of kaolinite

- which extends south and west of the Indonesian archipelago, and the Ganges

Province which comprises the region covered by the Bengal and Nicobar Fans,

in most of the siliceous c¢lays and claystones

indicates their location was'mainly Within an ancestral Australian province,

Kaolinite is particularly common at site 263 with the kaolinite odcurring |

not only in the form of dispersed clay size material but also as pellets

(Pig. 12), some of which may have formed in situ as kaolinite blebs or by

the alteration of pre-existing pellets (Fig. 13). Others are probably of

intraclastic origin, This abundance of kaolinite together with a high

- sedimentation rate is taken to indicate the proximity of site 263 to a

fluviatile source and probably also comparatively shallow (?bathyal rather

~than abyssal) conditions.

Elsewhere, siliceous clays were mainly deposited

in deep water, The volcanic component in the clays throughout much of

the Eastern Indian Ocean seems to be comparativelyvminor, although at

site 211 montmorillonite is an abundant as kaolinite., Whether the

»montmorillonite has formed

by in situ alteration of volcanic material or

is derived from continental volcanic sources is not certain., In-addition>

to modifjing the mineral assemblage, diagenesis in the siliceous clays

also results in nodules of
and some pyrite spheres,

rare.

dolomite (Fig. 14), barite, siderite and calcite,

Manganese mioro-nodules are present but comparatively
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Zeolitic clays

_ Zeolitic clays are similar in appearance and composition to
siliéeous'clayuand claystones, but are less abundant. They are genérally
srdwn to &eliqw brown; bedding ranges from poor to‘moderafé and from i
ienticular to laminate. Bioturbation is seldom present. They are more
silty than the siliceous clays (Table 1), probably owing to the pies;nce
-of silt-size zeolite ciystals. The presence of zeolites is similarly

reflected in the higher percentage of Na,0 and Cal (Table 2), Mineralogically,

‘the two types of clay are similar except for the abundance of zeolites

(ap to 10% of the totalvsediment), particularly clinoptilolitelor phillipsite;
Pimm (1974a) suggests on the ﬁasis of the Leg 22 data that clinoptilolite
is the dominant-zeoi;te in Eocene and older sediments whereas phillipsite
is dominant in the younger sediments. Elsewﬁere, this trend is not_evident.
Zeolitic clays occur époraﬁically thrbughout fhe'post-Aptian/pre-Pli§cene
section of the abyssal zone drill sites (Fig. 2). | They'are generally absent.
from the ridge and plateaun siteé although zeolites are common in many of
the eédimenfs of these shallower si£es, particularly in the volcanogenic -
marine sediments, At site 214 zeolites are also présént'in‘coal-bearing
nbn-maiine sediments, o

In general the zeolite crystals are euhedral (Fig. 15); in some
1nstancee-they are scattered throughout the 61ay; commonly they are present
as clusters, in some sases infllling saifblariss moalds (Rohinson et wls, T9743
Plate 1). This mode of occurrence suggests that the zeolife crystals have
undergone little or no traﬁsport and that many could have formed diagenetically..
Although there is a notable absence of #olcanic glass, a volcanic associétidn

for the zeolites is supported by the abundance of palygorskite and

- montmorillonite in the zeolitic clays. Robinson et al, (1974) suggest

. that'the silica in the zeolitic clays may also be a volcaﬁic origzin and

this is supported by the presence of minor volcanic quartz (Fig. 16);

however, the close similarity of the trace element content (particularly
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barium) in the zeolitic and siliceous clays (Table 4) may be taken as
evidence that the silica of the zeolitic clays is also in part of biogenic

origin deépite\the apparent lack of siliceous fossils in most of these

»aedimentsa’ : : ) < ‘ ’ o : H

~ Bannofossil Clays ' | L -

Nannofossil-rich clays reﬁresents an intermédiate member in a
continuous sediment sequence between the two end members, siliceous élay
and naﬁnofossil ooze; Consequently it is not a distinctive sediment as
are most of the other sediment types discgssed. As with siliceous and
zeolitic clays,vnannofossil,clays are found mainly in the abyssal zone
drill holes, The only exception to this is site 217, but there the
nannofossil clays result from a mixing of nannofossil 6oze with distal
clays of the Bengal Fan rather.than with pelagic clayse. Nannofoésil clays
vary in composition from the siliceous élays primarily in their abundance
of calciuﬁ carbonate, averaging 7.4Ipercent total Ca0 plus CO, (Table 2)
owing .to the incorporation of caleareous nannofossil tests into the clays.

The nannofoss;l clays rgnge in age from Valanginian to Recent,

but it is evident'from Figure 10 that they are most abundant at the base

" of the sequence. This is particularly so at sites 213, 211, 261, 260,

and 257, The implication of this preférred stratigraphic location is that:

this location corresponded with é time shortly after the formation of a

~mid-ocean ridge when the sea floor was elevated above the carbonate

compensation depth, Consequently, the fragile nannofossil tests would have
been incorvorated into the sediments being deposited on the flanks of the

rise rather than being dissolved out,.
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Sandy mds and muddy sands

’

Detrital sediment falling into the c?tegories sandy clay, clayey
sand, silty s:and, sandy silt, and sand-sili—clag\og Shepard (1954) is here
referred to by the general term sandj mud/muddy sand, Such sediments are
comparatively rare in the Eastern Indian Ocean drill holes. They appear
to occupy two stratigraphic locations, at or near the base of the sequence
(aite 254), or within a turbidite sequence (sites 211, 215 (?), and 218),

The basal sandy mds/muddy sands of site 254 are typically poorly
sorted and associated with conglomerates, including some containing volcanic -
pebbles, Bioturbation and macrofossil fragments are compaiafively common,
resulting in the destruction of most laminations. Some intraformational
breccias are present., These basal sandy muds/muddy sands are poorly
calcareons; they contain abundant glgsé shards and montmorillonite, with
phillipsite commonly present. 'Pyrité is also ielatively abundant.
Glauconite, kaolinite, clinoptildlite, analsite, and-a variety of heavy
mineralé are present in trace amounts. These sediments appear to have.
formed under very shallow water qnnditions, which vere at times sufficiently .
vigorous to produce intraformational breccias., The basaltic sourée area
nas evidently in close proximity as indicated by the coarseness of the
associated sediments, |

Tne aéndy.muds/muddy sands of the turbidite sequence contain up
to 15 percent calcite derived from included microfossils, in contrast to
the poorly calcareous basal sandy muds/muddy sands, They are, in addition,
finer-grained, with no aséociated cdnéiomerates. :Feldspar is abundant, |
dpmprising up to 85 pgrcent of the total sediment in places; heavy minerals
and opaques each comprise up to 5 percent of the total sediment. Thompson
(1974).discusses tne heavy'mineral assenblages and cnnfiudes that the'nource

area was dominated by metamorphic and acid igneous rocks. This is consistent

with a Himalayan source area. Using mineralogical and téxtu:al data it is.



. i T e "k
. 1

i

(
Bl .

~ Sand and gravels
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ﬂpossible to show that at site 218, there have been four major pulses

of relatively coarse terrigenous sedimentation. The second pulse was

of sufficient magnitude to reach as far as site 211, a distance of almost

4000 km from the head of the Bay of Bengal. - The turbidity flow which

produced these sediments was evidently of considerable magnitude, though the

i, distance was such that only the distal portion of the sediment load reached the

vicinity of the drilling sites, Consequently these sediments are not
asgociated with rudaceous sediments as is the case with basal sandy muds
and muddy sands, Clearly then, there are two genetic types of sendy muds

and muddy sands distinguishable by their stratigraphic location and the

‘nature of the associated sediments: the sandy muds/hﬁddy sands of the

deep water turbidite deposit; = and those of the basal unit which are

commonly coarse because of their shallow=water depositional'environment '

and frequently contain volcanogenic material because of their proximity to

basalt.

Sands and gravels composed of detrital (nmon-calcareous) material
are not found at any of the ocean basin sites with the possible exception
of site 263 nhere a few thin laminae composed of sand-size quartz grains

are present near the base of the thick clay sequence, However,’most of

the sand-91ze material at site 263 is composed of kaolinite (Figs 12, 13),

which.has undergone only very minor transportation, and which may have
formed authigenically. Therefore the detrital nature of this kaolinite
sand is rather uncertain,

Sands and gravels are more common on. the ridgeAand plateau sites,
particularly sites 254 and 255 where the sands and grevels are of Eocene-
Oligocene age, and.site 264 with Campanian or Santonian sands and gravels,

At site 254 and 264 these coarse sediments are a relatively short distance

above the sediment/baéalt contact, The gravel at site 255 rests directly
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“on the Santonian/Eocene unoonformity (Fig. 2), Therefore in each of these

cagses the conglbmeretic- sand is a fairly typical basel' conglomerate, The

) g:avel a.t site 255 is ma.mly composed of fra,gments of the underlying Sa.ntonia.n ;

- limestone and chert, including abmdant reworked fogsil fra.gments. At

sites 254 and 264 the clasts are up to 10 cm in diameter, and are tvpzce.lly
basaltice Such conglomerates could perhaps be rega.rded as volcanogenic

rather than detrital (see later).

VOLCANOGENIC SEDIMENTS

It is apparent from the previous _discu_ssion that 'in the o'oea.nic

" regime it is difficult at times to clearly identify a sediment as detrital

or volcanogenic, Conglonerates comonly contain basalt clasts, and zeolitic

. clays are composed of abundant material of probable volca.n'io origin.' In
' _éome cases, it is not clear whether many of the fragments are: clests

'within a ~volca'.nogenic sedimenta.ry rook or lithic fragments in a pyroclastic

rock, - In this section, only those sediments of clear volca.nic affinities

are considered.  Such sedunents are found only on the ridges and pla.teaux.

Volcanogenic gands and gravels

Volcanogenic gravels (possibly with some detrital aff init:.es)

' ‘oteur, as previously mentioned, at sites 254 and 264. Hayes et al, (1975)

report that the conglomerate at eite 264, which is about 38 m thick, is

composed of subround pebbles up to 6 cm diameter of basalt and vitrophyre
in a tuffaceous .aandy_matrix,v cemented by sparry caic_ite._ The gravelly |

wnit at site 254 is 91,5 m thick although gravel forms a minor a.mou_nt of the

- total thickness. The clasts are.subround to a.ngula.r Pebbies, up to 10 m

A_diameter, composed of glassy or fine-grained porphyritic ‘basalts 'Ferruginization

a.nd pyritization are common, probab]y as a result of hydrothermal alteration

associated with the underlying 4basa.1t.
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Volcanogenic sands and grgvels within a predominantly volcanic

~ ash sequence are present in the lower part of the Ninetyeast Ridse sequence

at sites 214, 216 and 253, At site 253 the volcanogenic sequghceris;

388 m thick, and consisté mainly of altered vitric ash and lapilli, '
Davies and Luyendyk et al. (1974)report thaf most ofvthis tuffaceous material
has undergone some aqueoué modificationvsuph'as thefrounding of glass shards,
Most of tﬁé clﬁys present in this sequénce are believed to be the result
of situ alteration of fine-grained vitrié_tuffs. - Montmorillonite and calcite.
are the dominant ﬁinerals, with minor plagioclase and zeolites (phillipsite,
clinoptilolité, analcite) and traces of glaﬁconite (probably an alteration
product of volcanic glass), cristobalite, pyrite, and other accessory
minerals. Thg site 253 bjroclastics were studied in éome detail by McKelvey
and Fleet (1974). They conclude that fhese pyroclastics weie produced |
primarily by the fragmenfation of basaltic lavas quenched by sea water.
Extensive replacement of the tuffs by smectites and the presence of analciné '
and calcite cements as a result bf diagenesis have harkedly affected the
geochémistry of these rocks. ' McKelve& and Fleét (1974) nevertheless
consider that the bulk chemistry amd particularly the rare earth geochemistry
are consistent with a méntle flume origin for the Rinetyeast Ridge.

~ The volcanogenic sediments at sites 214 and 216 are rather less
developed, but have:many features in common with sité 253, At sites 216
and 253, gnd'the upper portioh of the voléanogenic sequence at site 214,

micarb fragments of microcrystalline calcite of uncertain origin is abundant.

The micarb may be derived from nannoplankton, primary precipitation of

calcium carbonate, or the in situ alterations of giass. A bicgenic origin

for at least some of theé micarb is supported by the presence of thin laminae

~ of nannofossil ooze or chalk in places, the occurrence of scattered macro-

- fossils within the sequence, and locally abundant bi&turbation. These

biogenic features also offer clear support for a submarine site of deposition

for the volcanogenic deposits at sites 216 and 253, However the tuffs at
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sité é14 (Unit 3 of von der Borch et al.; 1974) appear t6 be almost totally
pyroclastic gnd do:not contain any'ﬁarine,foésils. -The presence -of interbeds
of lignite up to 80 cm thick, SR are'belieééd\EZ‘Cook (1974) to bev
aﬁtochthonous, offers clear evidence of a terrestrial (e.g. delta or swémp)
environment, Pimm (1974#, Fig. 18) indicates that a few thin beds (up

to 15 cm) of rhyolitic ash ranging in'age from Pliocene to Recent are present
‘in the northerh part of the Eastern Indian Ocean, These §eposita appear

to be derived from the nearby volcanic province of fhe Indonesian archipelago,,

- whereas the thicker, more ancient volcanogenic deposits are felated to

tectonism and volcanism within the Ihdian-Australian plate.

BIOGENIC SEDIMENTS

:TheAbiogenic gediment of the Eastern Indian Ocean are overwhelmingly'
calcareohs ooze and chalk, with only minor siliceous ooze, In many
places they are admixed with varying amounts of detrital_sediments,.
parficularly clays, or more rarély with volcanogenic sediments. There

is conséquently a cohtinuous series from pure oozes to pure clays or

" volecanic ash, -In many cases, it is the degree of admixing of the non~biogenic

components which is responsib1e4for.the differences in color, texture,
minerélogy,,étc of the varidus oozes rather than changes}iﬁ the biogenic
ﬁaterial. In some instances, the original blogenic nature of the éediments
may be masked by diagenesis.. Ag indicated earlier, much of the siliceous

clays and claystones may in fact be of biogenic origin though there is

now only indirect evidence for this, such as the higher than normal concentration

of some trace elements.
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Foraminiferal-nannofossil and nammofossil ooze and chalk

_ VCalcareéus ooze is abundant at'moet.drill sites in the Eastern
Indian Ocean (Fig. 10), particularly the Cenoigic;g?rtion'of the sequence,
These célcarebﬁé;sediménts comprise the majority ofAthe acousticaily»léyéréd
unit,.wh1Ch is thickest én the eastern side of the study area (Fig. 3).
Most calcareous oozes are cémposed of mixtures of foraminiferal and nanno-
fossil remains (Fig..17); some are composed exclusively of nannofossilsj;

few, if any, are entirely foramimiferal. It appears'that nannofossil ooze

- 1s commoner at the base of the sedimentary sequence, particularly in the

ocean basin sites, whereas foraminiferal-nannofossil ooze is more common

‘in the upper part of the sequence. The lack of a calcareous ooze composed

exclusively of foraminiferal remains is probably a.reflection of the
ubiquitous nature of nannoplanktom. Conversely, the abundance of calcareous
6oie‘composed exclusively of nannofossil remains is the result of these )
remains being more resistant to dissolution'(reéulting in a'depressed
carbonafe-compensation depth for nannoplapkton) than the dalcareous tests

of pelagic foraminifera, Work by Pimm (1974a) and Berggren et al. (1974)

on the spécies distribution of.foraminifera in Leg 22 drill hoieé indicates

that not only do foraminifera as a whole decrease in abundance down many

of the &rill holes, but in additfion at sites 214, 216 and 217 they found

that the foraminiferal species least resistant to dissolution are the first
to disappear, This probablyvis the result of increasing dissolution in
progressively deeper water, although the possibility of diaganetic dissolution
within the sediﬁentary column canmot be completely discounted.

The calcareous ooies remge from pink to greyisﬁ'orange, light
brown, and green depénding on the abundance of,claya;_ _Bedding fanggs
from thin to laminate; graded beds are present in places. 'The foranminiferal-
nannofoésil ooze which contain 25;6-per;ént'sand—size Aaterial ié markedly

coarser;grained than the nannofossil ooze (Table-1), which contains an average

‘of only 5.9 percent sand. The calcareous oozes are composed predominantly

/
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of low-magnesian calcite, (though aragonite is also abundant at the ‘top

of-aite 263), with minor amounts of clay, detrital quartz, feldspar,

zeolites, pyrite (commonly found in the tests"of the foraminiferay Fig. 18),

and accessory heavy minerals, The chemical composition of the calcareous

oozes is somewhat variable, depending on the amount of detrital and

volecanogenic material included in the ooze, Overalljhowever, the.

foraminiferal and the nennofossil oozes-are chemically very similar (Table 2).
Despite a large measure of uniformity within the various calcareous

oozes, there are three distinct deposition locations (Fig. 10): (i) Near

the base of the sedimentary sequence. This probably corresponds to the

period shortly after the development of a spreading ridge when the sea

floor in that area was above the carbonate compensation depth. In general,

these calcareous oozes are nannofossxl-rich and appear to be particularly

well developed in the Mesozoic. (il)'Cenozoic calcareous oozes (ranging

- into the Recent) which are in ocean basin locations well below the carbonate

compensation depth, and yet are'highly calcareous. This location, together

with the presence of some graded beds, and the laminated nature of the

.deposits Iindicate that they have probably been deposited below the

carbonate compensafion'depth in response to mass movement (turbidity flows);
This is also supported by the many comminuted foraminifera found.in

these sediments and also by the presence of reworked fossils from.oldem
units, (iii) Cenozoic calcareous oozes (ranging into the Recent) which
are on ocean ridge or plateau locations above the carbonate compensation
depth. These deposits have formed by the settling of calcareous remains
through the water colnmn, collecting on the sea bottom at locations above
the carbonete compensation depth and therefore subject to little om no

dissolution, . . !
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Micarb ooze and chalk

~Ooze and chalk composed mainly of‘fragments of calcite (micarb)
of'uﬁcertéin origin are referred to in the DSDP scheme for sedimentary
rocks as a micarb ooze, §r if 1ithified as a micarb chalk, Micarb -
fragments are a common component of many of the foraminiferal or nannofossil
oozes, but micarb chalk is present only in the northern part of the Eastern
Indian Ocean (Fig. 10), particularly at sites 214, 216 and 217, The
micarb_chalk at sites 214 and 216 forﬁs a distinctive unit appfoximately
60 m thick, whereas at site 217 it occurs mainly as interbeds within a .
volcanogenic séqnence. It ranges from light grey to gréy green and olive
grey;s some interbeds of mud are present but generally bédding is poorly
developed, Silt—éize calcite fragments form up to‘BO percenf of the
total sediment, with a few recognizable foraminiferal, nanncfossil or
macrofossil (Inoceramus; oysters) fragments, Other components include
clay (up to 20%) and glauconite (up to 5%) with minor silica (mainly of

biogeﬁic origin); quartz, feldspar, pyrité, dolomite, and apatite,‘and trace

‘amounts of various heavy minerals. The micarb chalk is very fine-grained

containing on average only 0.1 percent of sand-gize material (Table 1),

This fine fragmentary nature of the micarb chalk, together with the presence

of glauconite and rare macrofossils indicate a very shallow-water environment
of deposition, There is a physical problem in fragmenting particles as

fine as micarb material (less than 0.5 mm) even in a vigorous environment

and this coula be taken. as supporting a direct carbonate p:ecipitate origin,

However, the associated fossils and minerals do not seem to support a

chemical origin, and a biogenic origin is considered most likely,

Cherty limestones and chalks.

'

Cherty carbonates are of fairly limited distributiion, They are

= - 4 J

" found only in ridge or plateaun locéfions,'at sites 217, 255, 258 and 264

(Fig. 10). They are also restricted in time to the Eocene-Paleocene and .
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the Santonian-Campanian (Pig. 2). The Tertiary cherty limestones are
light grey to grey brown nannofossil chalks cbmposed predominantly of

nannofossiis with some foraminiferal and siliceous remains, minor amounts-

" of clay, and traces of volcanic quartz, Chert is present as scattered’

1light grey nodules aﬁd irregular pétches. Chalk showing various degrees
of silicification, as well as silibeous infillings of foraminifera, occurs
sporadically. These.Tertiary siliceous carbonates are clearl& biogenic
calcareous déposits which have accumulated above the lyéécline. Although

some biogenic silica is present, most of the silica is secondary and of

 uncertain origin,

The underlying Late Cretaceous cherty carbonates are somewhat

thicker and coarser-grained, They are composed of abundant nannofossils,

" but it addition also contain abundant foraminifera and fragments of

Inoceramus, Micarb makes up 5-20 percent of the limestone; dolomite

rhombs éxe présent in places, partiéularly at site 217 where there is 60 m
of dolarenite-chert and clafstone. Clay occurs in varying amounts.
Glauconite, mica, collophane, and pyrite are all present in trace Amounfs.
The silica occurs as black or grey chert nodules and veins, és patches of
silicified or partly silicifiedzlimestone, and as a siliceous matrix,

At site 2}7; von der Borch and Trueman (1974) found a positive correlation
between the abundance‘of silica and the abundanée of dolomite rhombs; they
conclude that there must be a genetic association, both having formed

diagenetically in response to prevailing conditions below the sediment-water

interface, The origin of the silica is not clear though von der Borch, Sclater .

et al. (1974) make the observation that at site 217 siliceous remains

decrease in abundance as chert becomes more common, The depositional

. environment forrthe éherty limestone appears to have ﬁeen comparatively

shallow, This is indicated by the-fraémentary nature of the shells,

the presence of abundant burrows, and the occurrence of c¢cross-beds. It

is suggested by von der Borch énd Trueman (1974) that the cherty carbonates
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~accounts for the dolomitization, N

"the radiolarian-diatom ooze is characterized by high Si0
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at the base of the section at site 217 represent a reef complex, and they
consider that the seépage refluxion mechanism of Adams and Rhodes (1960)

AN

“Siliceous ooze

~ . Siliceous oozes'are presenf only in fhe northern part of the
Eastern Indian Ocean at sites 211, 213, 215, 260 and 261, As pointed out
earliér, the distribution of the upper acoustically transparent uﬁit
(Figs 3, 8) indicates the extent of the siliceous ooze., With the
exception of a thin bed of Albian age at site 260 (Fig. 2), siliceous
1002e is-festrictéd to Miocene and younger sediments, However;‘the silica
in mény of thé siliceous—cléys and cléystones could conceivably be of
biogenic origin despite thé lack.of ény recognizable siliceous fossil
remains,. o | _;

The siliceous oozes, which rangé frbm’brown to green and _
grey, are composed of radiolarians and diaf§ms, with minor sponge spicules
gnd silicoflagellates., A few nahnofossil fragmenté are present iﬁ some
beds; iron and manganese oxides are present sporadically as micro-nodules
or as partings. Volcanic glass of rhyoiitic composition, and probably
derived from the nearby Indonesian volcanic arc, is commonly:presenf in
trace amounts, and locally comprises up to 25 percent. 'Terrigenoue'

clay is‘invériably present, ranging from minor to abundant. Texturally

‘the siliceous ooze corresponds to a silty clay (Table 1); the sand-size

material-is'probably composed of larger siliceous organisms. Compositionally
5 énd MnO, and.
low Cal + CO, (Table 2) contents. The high barium oontent (Table 4)
is also a feature of the siliceous oozes. B

/ The siliceous oozes-are.pélagic deposits which have aécumuiated
below the lysocline, Their appeafance in the Latd Tertiary is probably
the:result of.the northvard movement of ‘the region into the 2one of high

equatorial productivity.

s
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© . CHEMICAL COMPOSITION

The chemical composition of ‘sediments from the DSDP sites in
the Eastern Indian Ocean is dealt with by Pimn (1974v), Fleet and Kempe (1974),
Calder et al. (1974), and Cook (1974a, b)e Average compositions (Tables 2
and 4) were derived from these publications. In éeneral the data are
insufficient to establish vertical or synchronous lateral trends and it -
is possible to do nothing more than point to the compoaitional variation
of the_varioué sediment types,'énd_to_indicate'some probable inter-element .

associations,

Major and minoxr 6xides

Most lMesozoic-Cenozoic sediments of the Eastern Indian Ocean are -

either calcareous oozes (predominantly'calcium carbonate) or siliceous

clays (silica an@_alumino-silicatés), with a sdatter,of-sediments between

the two end-members. . In general the major and minor oxide content of

_thesebsediments,(Table 2) is similar to the "average" deep~sea sediment

510, occurs in the Eastern Indian Ocean sediments predominantly

as quarfz (including chaldédonchhert), tridymite and cristobalite

_.(indluding opaline material), and alumino-silicates; minor amounts are

present as feldspar, feldspathoid.and zedlite, and traces occur as
pyroxene and amphibole. These components are of terrigerous, volecanic,

or biogenic origine. Terrigenous 8102 is dominant in most sedimentary

" units and in most parts of the Eastern Indian Ocean. Biogenic silica

1s'an important component of the Cenozoic siliceous oozes; it may also
be important in siliceous clays and claystones despite the lack of direct
evidence of a biogenic origin for the silica, though it is implied by some

of the trace element contents. Locally, particularly in ash and volcanoclastic
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by the high Fe203 content (12.3%; Table 2) of the glauconitic silty clay.

. 22,

seqﬁences, the SiO2 is obﬁiously of direct volcanic origing the siliceous

volcanogenic'input is rather less certain in the pelagic clays and
¢ -\'\ 3
zeolitic clays. Other terrigenous and/or volcanig oxides which show a

[

positive correlation with 8102 include A1203, Tioz, Fe203, Na20, K20 apd‘

H20, predominaﬁtly the result of the quartz—clayAmineral association,
Coﬁcentrations of these glements are similar to those found in "averageh
pelagic sediments (Table 3), although the Tioz,content‘of the glauconitic
silty clay (1.28%) is particularly high, possibiy an indication of a o
nearby source area. The nannofossil clays similarly have a high TiozA
content (0.77%) when compared with calcareous ooze or clay (Table 2),

As most nannofossil clays occur low in the sequence (Fig. 2), again it is
possiblé that there was a ﬁearby source area (mid-oce#n iidge).providing
a titaniferous input into these sediments.

The Fe203 content of the sediments results in part from iron

oxide associated with clays or in some sediments as glauconite, as indicated

However, abnormally high iron contents are also found in aome thin basal
iron oxide units overlying basalt. Pimm (1974b)'studied the geochemistry
of this facies at sites 211, 212 and 213 and found that the total iron

content ranged up to 16 percent. This iron~-rich facies is believed to

formed by volcanic hydrothermal exhalations, and elsewhere.contains

relatively high metallic coﬁcentratiéns ﬁarticularly of copper, though

the Eastern indian Ocean océurrences do not contain especially high
concentrations of copper or even manganese, Relatively high concentrations
of these elements has been noted in the Pacific (von der Borch & Rex; 1970;.
Cronan, 1973). Manganese appears to be most abundant in. the siligeous
oozes where it occurs as bands and ?atches of manganese oxides containing
up £o 8 percent 'nO., Overall, the siliﬁeouq oozes are'high in mahganese-

(1.2% MnO; Table 2). It is uncertain whether this is the result of a

slow rate of sedimentation, submarine fumaroles, biochemical concentration,
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. or all three, though the author considers that the biogenic action of

\
\,

siliceous organism is of great importance tolthe concentration of mapgﬁnese
RN

Ca0 is an abundant oxidegin many pelagic sediments, and is
particularly comﬁon in the calcareous oozes where Ca0 + 062, occﬁrring
mainly as calcite, averages more than 60 pe:ceht of the total sediment;
Minor amounts of Cal are aiso présent as feldspar and zeolite in séme
sediménts. MgO is commonly associated with Ca0O in calcareous sediments,
presumably as a result of the occurrence of dolomite rhombs in oozes, chalk
aﬁd limestone, _.

The P205 content of the §edimgnts varies (Table 2) though the.
range corresponds closely with’averagg values from other areas (Table 3).
There are few correlations of P205 with othér oxides evident from factor.
analysis, Detrital apatite is seldom present in detectable amounts,
but biogenic collophane of béne and teetﬁ fragments are present in places.
However, in most pelagic sediments the phosfhate is probably adsorbed on -

clays; a possible P205 - Fe203 correlation reported by Cook (1974b) from

Leg 27 results may indicate the presence of trace amounts of vivianite

but is more likely the result of adgorption of phosphate by iron oxides.

Trace élements

In general, the trace element content of the Mesozoic-Cenozoiec
Eastern Indian Ocean sediments (Tablé 24) 1is similar to average values
for deep-sea sediments (Table 5). However, the Eastern Indian Ocean clays
have a lower metal content than the average pelagic clay., This may be
ascribed'to the incorporation of Pacific sediment with high metal contents
in the average'value of Turekian and Wedepohl (5961), the greatér 1npuf.o£ .
te£rigenous material into the Easfein Indian Ocean,ahd rossibly also the |

paucity of submarine fumarolic activity,
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Strontium is aséociated with the biogenic carbonates, substitutihg

for calcium in the calcite lattice. ' The highest strontium value (950 ppm)

o\

is found in foraminiferal-nannofossil ooze (Tablé~4); this is significantly

below the value for average pelagic carbonates (2000 ppm).

Barium is highest in the siliceous oozes and lowest in the

glauconitic clays. Some of the barium is present as barité-nodules and

veins, such as those found at site 263, Brongersma~Sanders (1966) has

.specuiated that much of the barium in mgrine.sediments is associated with

siliceous organizm, and factor analysis on the Indian Ocean sediments
(Cook, 1974b) would seem t§ support a biogenic silica~barium correlation,
A minor amount of the barium is also associated with_iion and maﬁganese-
rich sedimeﬁts. Copper, zinc, cobalt and nickel also appear to bé aséociated
ﬁith ferromanganese oxides, probably in an adsorbed state, This does not,
howéver, appear to be'the-case for lead, which from factor_analysis seems
to be associated more with the clay'component, Some zinc is also associated
with clay ﬁinerals.' | |

In conélusion, the majér miﬁorAand tface elements méy be
grouped ihto four groups: (i) the alumino silicate group which is dériyed
from terrigenous and_voicanic sources and ipcludes SiOz, A1203, TiOz, '
F9203, Na,0, K,0, H,0, Zn and (?)Pb; (41) the ferromanganése group, the
product of syngenetic (or very early diagenetic) mineralization and

including Fe203, MnO, Cu, Zn, Co, and Ni; (iii) the biogenic silica group

" derived mainly from diatoms and radiolaria and composed of 8102, Ba0 and

possibly MnO; and (iv) the biogenic carbonate group, derived mainly from

foraminifera and nannofossils and composed of CaO, COZ’ Sr0 and possibly

'Mgo. 4 ' ) - B

Calcium carbonate content

Geochemical data for the Eastern Indian Ocean are in general

inadequate for determinatton of variations of the components with time,



- .

i
|
3 { =
- - -
:

! y

- W aEm . ..

25 7 ) 4

'\thé only exception being Ca.CO3 content which has beeh routinely analysed
'thioughout the DSDP program., It has been evident from earlier discussions
- that the general picture_khich has emerged so far is of poorly calcareous .

" Mesozoic sediments and highly calcarecus Cenozoic sediments., In addition

the distribution pattern (Fig. 9) indicates thect En the Haxbern Tadian
Ocean at the present day calcareous sediments are abundant on.continental
margins énd ocean ridges above the carborate compensation depth, or locally
as pondéd sediments belﬁw the carbonate compensation depth. Elsewhere -
in the abyssal zone the sediments are either siliceous oozes or clays.

The distribution of CaCO3 in both the deep-water and shallow-

' water sites is shown in Figure 19. It is apparent from this that the

Ca.CO3 content is extremely variable both within the same séctiqn énd

between sites, although again the:trend is generaliy oﬁe of 9:high CaCO3
content in the Cenozoic and a low Ca003.content in the Mesozoic. ‘Overall,

as is to be expected, deep-water sites ave less calcareous than shallow-water
sites, In the abyssal zone where sediments range in age from Late Jurassic
to Recépt; the Ca.CO3 gontent of‘sites 256, 257 and 263 is uniformly lqw
throughout ﬁost of fhe éection. Sites 256 and 257 appear to have always
been below the carbonate compensation depth, and also outside of the range

of calcareous turbidite flows. At site 263 the low Ca.CO3 content is the

result of a very high rate of terrigenous sedimentation, and the consequent

'swamping of the calcareous component. 'Similarly, low carbonate contents

are found at site 218 because of the major input of fine terrigenous sediment

from the Bengél Fan. At sitei255 the low carbonate content of the lower

two-thirds of the drill hole results from a major input of non=-calcareous
" volcaniclastios., ' Those sites with a uniformly high céxbonate content

‘throughout are either the result of being above the lyéocline for most of'

the time (sites 217, 216, 2f4);'or they hafe teen the site for ponding of

calecareous turbidite deposits over long periods (site 212). Therefore the

CaCO3 content of the sediments is the result not only of the rate of
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.calcareous biological activity but also of the rate of terrigenous or

“voleanic sedimentation (and to a minor extent the rate of siliceous

biological'act;vity), wvater depth, and water temperature,

' ' “Despite this cdﬁpléx interplay of variables it is possible to
discern trends: The.general calcimetric pattern at shallow sites on
the Ninetyeast Ridge and the Naturaliste Plateau (the data are insufficient
to eatablish'any'trend'for'Brdken Ridge) is one of low CaCO3 contént at
the base of the section followed by a'rapid increase and then stabilization
at a fairly uniformly high CaCO5 content for the remainder of the Cenozoic.
.The low carbonate content at the base of the section may be the result of
a high rate of volcanic input in the time shortly after the formation of
the ridge (e.g, site 253).‘ An alternative explanation that these sites
were below the lysocline shortly after initiation of volcanism is untenablé
becanse'of the abundant sedimentary evidencé (discussed earlier) of shallow-
water cénditions in the oldest sédiments of the Ninetyeast Ridge. This
may not be the case for the Naturaliste Plateau, and it seems likely from
both the sedimentology (Luyendyk and Davies, 1974) and calcimetry that in
the Cretaceous the Naturaliste Plateau was below the lysocline but éhat
it underwent rapid uplift during the late Cenomanian-eérly Turonian to a

location above the lysocline., It then continued to occupy a shallow

" location for the remainder of the Cretaceous and the Tértiary.

The calcimetry of the deep-water sites 18 rather more complex,

There is a general tendency for the C_aCO3

at the base of the sequénée but to decrease rapidly to nearly zero.

content to be moderately high

There 1is cqmmonlj an increase in CaCO3 1§-the Albian (sites 257, 259 and
?263), particularly at siﬁes'near the easfern margin of the study area,

but by the late Albian the CaCO3 content had again decreasgd almost to

zéro, and remained at this level throughouf the rest of the Cretaceous, excepi
for éite 212, A marked increasg in Ca.CO3 content then took plabe at the

Cretaceous-Tertiary boundary at most sites. Major fluctuations occur in
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~ and 257 (the data are inadequate for sites 213 and 211 to be able to establish
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%he calcimetry of the Cenozoic éediments but the average carbonate content

is much higher than that generally found in the Meéozoic, except sites 256

a trend). ' o | "
The sequence of events most likely to produce this pattern of
Cabo3 distribution seems to be, first, the formation of a spreading center

and the consequent elevation of the sea floor on the flanks of the mid-ocean

| ridge to a level above the nannofossil lysocline so producing slightly R

calcareous sediments at the base of the sequence, This was followed by

the gradual depreséion of the site to below the carbonate compenaation

depth, resulting in the depositign of non-caicareous pelagic clays. During
the Albian, the lysocline was-depressed either in response to an increased
rate of input of calcareous (nannofossil) sediments or, alternatively, a
change in water temperature, resulting in\the deposition of nannofossil~rich

clayé and nannofossil oozes., By the close of the Albian, conditions reverted

back to'normal.and for the remainder of the Cretaceous (in places persisting

into the Cenozoic) pelagic clays were deposited. In the Cenozoic (and at
site 212 the Late Cretaceous) there was a new onset of calcareous sedimentation
owing to the massive influx of allochthonous calcareous oozes from the

continental slope into the abyssal zohe.

SEDIMENTATION

Hiatuses and unconformities

Deep-sea drilling has shown large gaps in the sedimentary record

of all of the oceans, In many areas, the deep~sea record is essentially

~one of gaps ihterspersed with an occasional atypical period of sedimentation.

Hiatuses and unconformities within the Indian Ocean sequence have been

considered in some detail by Pimm and Sclater (1974) and Davies et al. (1975).
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' been removed. At other sites, however, the magnitude of the hiatus is

- 28, ; : o am owm
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\They“concluded that there are major breaks in the stratigraphic record in

'1fthe.011gocene, Early Tertiary and Late Cretaceous, which are the-

consequence of climatic events in Antartiga and subsequent variations in
the olreulation pattern of the Trdfan Ooean.

Oﬁly at site 255 (Fig. 2) is an angular uncornformity (fetween
Santonian limestone and chert and Eoéeng sands and gravels) recognizable in.
the cores. However, an angular discordance of regiénal magnitude between
the lower acoustically transparent unit and the layered unit caﬁ be
recognized from the seismic profiles. (Fig. 5)a Eisewhere in the sequence,

unconformities are less obvious and there is no angular discordance. In

- some instances there are marked changes in lithology, but the main indication

- ia from the chronostratigraphy and biostratigraphy. Thé stratigraphy of

both deep-water and éhallow-water sites is summarized schematically_in
Figurgs 20 and 21, At some drili sites there is obviously a major
hiatus., At site 258 (Fig. 20) there is, for instance, a gap of about

65 m.y. during which ho sediments'ﬁere laid down or of which all trace has

less certain. At site 256 for example, there are no fossils representative

~of the entire interval from the Cenomanian to the Pliocene, an interval of

about 100.m.y; However, 105 m of barren sediments was laid down at some

j : o
time during this interval., These sediments may have been deposited at a

'rate of 1 m per million years and therefore the interval might represent

a véry slow rate of sedimentation and not a.true hiatus, Alternatively'

'the sedlment was deposited at a more normal rate of say a minimum of 5m

~ per million years and that consequently the total 105 m of sediment would

have been laid down in 20 m.y., lgaving a hiatus of 80 m,y. If Figure 20
is compared with Figure 21 it is apparent that the deep-sea recérd is far
more iﬁcomplete than the reco?d'from shalidwer areas, Considering the

shailow water first (Fig. 20) there éppear to be well défined hiatusée at

all sites, except 214 and 264, in the early Eocene and at mosf sites
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. (excluding 214, 253 and 254) in the early Oligocene. There are, however,

marked differences between the sites on the Ninetyeast Ridges (214, 216,
217,.253, 254) where the sedimentary record is‘csmparatively uninterrupted -

M
once sedimentation has been initiated, and the Broken Ridge=Naturaliste’

“Plateau sites (255, 258, 264) where there is major break in the sequence

extending from the base of the Campanian to the Paleocene (20 m.y.). ‘This
was followed by sporadie sedimentation in the Eocene and then a second break
of 10;15 m,y. throughout fhe Oligocene and extending to the late Miocene

on the Naturaliste Plateau., At site 255 there has obviously been a major

phase of uplift and subsequent erosion in the late Cretaceous~Early Tertiary.

This same phase of tectonic uplift similarly may be responsible for loss of

section at sites 258 and 264, although Davies et al. (1975) consider that
the geps en the.Naturaliste Plateau'are more the result of variation in
oceanic circulatlon and sediment sunply than tectonic events, Nevertheless
as both features - sediment supply and oceanic circulatlon - are so commonly

affected by tectonism it is difficult to completely dismiss tectonism as

- & related cause, Whatever the cause, it appears not to have affected the

Ninetyeast Ridge at this time, _

The Oligocene hiatus (extending into the eariy and middle Miocene
in nlaces).is also best developed on Broken Ridge~Naturaliste Plateau
although an early Oligocene hiatus is also present at the northern end of
the Ninetyeast Ridge (Fig. 20). There is no evidence of angular discordance
agsociated with this gap in any of the sequences, nor is there any sediment—
ological or palentological_evidence of a major ehange in water denth.
Consequently the hiatus is most iikely the result of the rate of sedimentation
decreasing to zero, or the influx qf erosive bottom current which prevented
sedimentation or eroded the_sedimentasy sequenee or both,
; At the deep-sea sites the distribution of hiatuses is less clear,

not because of their lack but because of their abundance, The almost total
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o _lack of datable Late Cretaceous and Tertiary sediments is a marked

feature of Figure 21. The Late Cretaceous hiatus appears to be

particularly marked in the southern and eastern portions of the Ocean,

whereas the general Tertiary hiatus occurs throughout the region. The

" various gaps in the sequence appear to be:

(1) . Barremian (5 m.y.)
(11) Cenomanian-Paleocene k35—40 m.y.)s This hiatus ocours
only in the southern and eastern partsiof the abyssal zone,

(iii). Middle Eocene-eariy Miocene (55 m.ye). - This hiatus occurs

| throughout the abyssal zone, |
(iv) Middle and.upper Miocene (9 m.y.). This hiatus is nresent
only in the southern and eastern parts of the abyssal zone,

. The deep ocean hiatuses.are synchronous with those.of the shallower
ridges and plateaux, but also extend beyond them. Some of these hiatuges
are also recognizable on the continental shelf (Veevers & Johnstone, 1974)
and as far afield as Papua (Veevers and Evans, 1973). There is no structural
or sedimentary evidence that an&‘of the abyssal zone sites have been at
anything other than deep ocean basin locations since early in their history.
Consequently, shallow-water erosion.cannot be invoked to account for any -
loss of section, : Equally well it is unlikely that a source of fine-grained

terrigenous sediment would have been lacking for many millions of.years..

Deep contour currents may account for loss of section in the abyssal zone

sites but cannot also be used to account for hiatuses on shallow ridge.and

ﬁlateau sites. The initial separation of Australia and Antarctica took
place about 55 m.y. ago (Kennett et al., 1975), and the Circum-Antarctic
Guzpent developed about 30 m.y. W —— al., 1974). Until that

time the Circum-Antarctic Current was nrobablv driven north- through the
Eastern Indian Ocean. The Late Cretaceous hiatus initially affected énly
the ocean basin (Cenomanian-Santonian) but Lshes (Csmpaniainaleocene),hoth '

orean basin and some shallow sites (Broken Ridge and Naturaliste Plateau)
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were affected. 'Héwever,'the hiatﬁs at both 1oo§tioﬁs may not necessarily.
haﬁe résulted from fhe same immediate cause. There is ample evidence ihat
the ﬁiatus at site 255 on Broken Ridge is the consequence of uplift and

" pubsequent erosion; such a mechanism might also be possibie for the
Naturaliste Plateau, but not fof the abyssél-sites. It is likely thét
the hiatus in the abyssal zone resulted from strong bottom currents which
may have both prevented sedimentation and produced some erosion, Theée
strong‘currents.were b:qbably the consequence of the ancestral Circum- |
Antarctic Current being driven north; in the Cretaceous the juvenile
Indian Ocean was also relatively narrow, thus increzasing the fofce,of these
currents, The Late Cretaceous=Early Tertiary upliff of Broken Ridge and
perhaps also the Naturaliste Plate#u ﬁay have restricted the path of such
currents resulting in an intensification of thé bottom currents in places,
thus enhancing their erosive power in thosé areas.

Davies et al. (1975) propose that the Tertiary hiatuses in both
the Indian and Pacific Oceans may be correlated with periods of climatic
deterioration which produced glaciation in gntarctica and the formatioﬁ of

- large amoﬁnts'of c§1d, erosive Antarctic Bottom Water which moved north into -
the Wharton Basin. They consider that these periods would have been associ#ted
not only with‘periods'of incieésed storminess, and hence a deéﬁer wave base
and wave erpsion‘penetrating to greater depths, but also a shallowing of the
carbonate compénsation depth, This hypofhesis ﬁonld seem to provide a means
for accounting for many of the Early Tertiary hiatuses. However, problems
would seem to arise with the oldér and younger hiatuses of the Eastern Indian
Ocean, Major bfeaks occur in the Cretaceous record, yet there is no
evidence of climatic deterioration or of an Antarctic ice cap during this
fime. “Quilty (1975) recordsuniformly'warm to hot econditions throughout
_ the Late Cretaceous of tne Western -Australian Region. Howvever, if Antarctig
Bottom Waters did not exist at this time there must nevertheless have been

.water.movement associated with west wind drift after India started to drift
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' sédimentary gaps at abyssal sites off the west coast of Australia.

-

B ndith, leaving open ocean fo the west of Australia, The northward deflection

of this westerly current may be responsible for the Late Cretaceous

V Once-separatiqn of_Aﬁstraiiavand Antéxctiéa was'compiéfe and the
Circum-Antarctic Current established (estimated by Kennett et al. (1975) to
have occurred at about 30 m.y.), there was prbbably little direct»input
of Antarctic Bottom Water because of the Circum-Antarctic Current. In
addition, by this time Broken Ridge and the Naturaliste Plateau considerably
restrictéd the entrance of deep water info the Wharton Basin from the +
south, Consequently, any post-Oligocene hiatus in the abyssal zone is
unlikely to be due to such currents. Despite the gaps in the records in
the deép_ocean, on the adjacent West Australian shelf carbonate sedimentation
was fairly confinuous. fhis exteqsive phase of sﬁalléw Tertiary carbonates
indicates that little terrigenous sediﬁent was being received from thg
Australian contiﬁent at this time, .On the shelf, the Oligﬁcene to the
middle Miocene was marked by a progradétion of carbonatesvacrpss the shelf.
Once this sediment wedge reached the shelf edge there was likely to haﬁe
been a ﬁassive.buildéup of carbonates on the upper slope vwhich uliimately
slumped down the slope creating turbidity currents which carried la:ge
volumes of calcareous sediment into the Whartoh Basin,

Therefore it appears that no single mechanism can be used to account
for all the Mesozoic-Cenozoic hiatuses which occur in the deep water of the |
Eastern Indian Ocean énd'also; in some insfances, on the shallower flanking
structures. The Late Cretacedus-Paleoéene hiatus may be ascribed to
extensive west wind drift, and an associafed deep current sytem which was
forced north along the easterr_x side of the Indian Ocean, | The Eécene and

Paleocene hiatuses may be, as suggested by Davies et al. (1975), the conseqguence

_of climatic detérioration, glaciation, and the development of large bodies of

northward-moving Antarctic Bottom Water, However the northward movement of

Ausgtralia and'the attendant developﬁent of the Circum-Antarctic Current
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precluded the entry of this deep current system by the late Oligocene.

- The gaps in the late Oligocene-early Miocene may have resulted from the

“lack of input of terrigenous material from the Australia continent. This

phase was brought to a close by the massive influx of allochthonous. carbonates

in the miﬁdle Miocene and later,

Rates of Sedimentation

Determination of the rate of sedimentation from the Eastern Indian.
Ocean drill sites is made difficulf by'the many gaps and the thick sequences
of barren sediments in the stratigraphic record, Average rates of
sedimentation weré defermined using only tﬁose parts of the sequence which -
could be confidently dated from their fossil assemblages. These average
values show.that there were quite marked fiuctuatibns in the rate of
sedimentétion'throughout the Mesozoic=Cenozoic, ranging from 0.8 to 20.3 o
per million years (Table 6). 'There.were also some well defined peaks of
sedimentation rates in the Aptian-Albian, Coniacian, Maes£rictian,.and :
Pliocéne—Qnaternary.. These maxima do not appear to coincide with those
proposed by Veevers et al. (1974) from seismic informatiqn, but as their
time intervals are greater, no direct comparison of theif results and those
given here can be made, Minima in the rate of sedimentation aré commonly,
though not exclusively, found within periods which contain hiatuses, Thnere
is also ; tendency for sedimentation maxima to be common at times when
highly calcareous sediments were déposited in the abyssal zone., A third
feature eviden£ from Table 6 is tﬁat the sedimentation rate was far more
variable iﬁ the Mesozoic than the Cenoéoic, perhaps indicating thelmore
unstaﬁie Mesozoic con&itions (climatic, oceanographic and/or tectonic)
in the Eastern Indian Ocean region. It should perhaps be noted that the

high rafe of sedimentation in the Aptian-Albian coincides with a masgmatic-

tectonic maximum in Australia (Veevers and Evans, 1973). Some inflation

of the rate of sedimentation in the Plio-Pleistoncene might be attributable

to the increase in volcanism which is thought to have taken place in the
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pést two hillion yéars (Kennett and Thunell, 1975), although most of the
increase is probably'the-result of an increase in the réte of calcareous
sedimentation at that time, | |

It is not poséible to.determine the region;i variétioﬁ in lhe
sedimentation rate for each.epoch because fhere are unsufficient data,
consequeptly the regional change can only be determined for thé Cretaceous
and the Cenozoic (Table 7). These data are useful for indicating likely
source areas in a somewhat more définitive wvay than by total sediment
thickness. For the Cretaceous (Fig. 22) there is a clear inorease in the
rate of sedimentation as the Australian cOntinént ié approached, which is
consistent with it being a major source of sediment at that time., There is
the suggestion of a source area to the south (?Antarctica) which would be
feasible, as Australia and Antarctic did not separate until the Paleocene,
There may also have beén a source fér Cretaceous sediments to the northwest
as indicated by ‘the increase in the fate of sedimentation in that direction.
This would seem to add support to the proﬁosal of Crawford (1974); Larson
(19755 and others that a continental landmass (such as Tarim) lay.to the
northwest of Westefn Australia during the Juraséic-cretaceous. Theléentral
portion of the Eastern‘Indian Ocean was evidently a considerable distance
from land throughout the Cretaceous.,

The pattern of variation in the rate of sedimentation is rather

different in the Cenozoic (Fig. 23). ‘The rate still increases markedly

towards Australia, a feature also noted by Veevers et al. (1974), but

now the sediment is primarily calcareous and it is perhaps more the
Australian shelf and upper slope which is contributing the bulk.of the
sediment rather than the continent itself. There is no evidence of a
source area to the south, but a marked increase. in sedimentation rate

occurs in the center of the basin and also to the nérthwest. The north-

westerly trend is attributable to the Bengal Fan which consituted a major
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 sou£ce of sediment.supply to this area ﬁj the LAte Cenozoié (Curray and

" Moore; 1971)._'The maximum in the center of the ocean basin is probably

the COnsequencé of this'areafbeing a low point into which turbidity currents .
descended, and where they were able to deposit their suspended  load.

Therefore, although the data are sparce, it is possible to

recognize by means of variations in the raies of sedimentation the changes

in the source areas and in the type of sedimentation in the Cretaceous and

the Cenbzoic of the Eastern Indian Ocean.

SEDIMENTARY HISTORY

There is abundant evidence from the onéhore and shelf sedimentaxry
sequence that marine conditions persisted throughout much of the Phanerozoic
on the northwest margin of Australia, with a ﬁorthern connectioﬁ open to thé
Tethys (Veévers et al., 1971). A new phase of sea-floor spreading may have

taken place as early as the Callovian (Veevers and Héitzler, 1974b) although .

the oldest 6ceanic basement sampled by deep sea drilling was at site 261,

with an Oxfordiah 2ge (155 m.y.)s At about this time a spreading ridge was

initiated, running approximately east northeast. At first the sea floor

was raised just above the nannoplankton lysocline on the ridge and consequently
in places a nannofossil~bearing o:_nannofoésil—rich clay was deposited. As

_spreading probeeded, the sea floor previously on the ridge flanks descended

below the lysocline; resulting in the deposition of brown pelagic clays.
Frbm then until the early Aptian, our knowledge of the area is based on the
§nshore or nearshore sequence and on 1nf6rmation from site 261. During this
time, the rate of sedimentation appears to have been rather slow (1-2 m per
million yearg). Theré vere probably several hiatuses, although the only one
recognized to date (from site 261) is the gap in the Barremian. This slow

rate of sediméntation may also indicate a low hinterland from which there

‘was little input of terrigenous sediment. It may also be taken as evidence
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in favor of a relatively arid hinterland., Localiy,_there wes rupturing

N during:the veriod 155-113 m.y. which may have produced'horsts and grabens

. and some semi-enclosed emall ocean basins (Veevers and Heitzler, 1974b).

Hoﬁever;‘in'generel the‘period'155-113 n.y. was probabiy relétiveiy quiet T
tectonically. |

During the Aptian—Aiﬁian, conditiohs became.more tectonically
active; an accelerated phase of ocean-floor generation took place as
ind;cated by the widespread eccurrence of oceanic basalt of Apfian-Albian
age. .Volcanism is reflected in the occurrence of zeolitic clays at site:
259, There was widespread continental teetonism at this time coupled with
the development of extensive epicontinental seas, This tectonism resulted
in a marked increase in the rate of sedimentatioﬁ, éarticularly in the
viecinity ef site 263 where a tﬁick sequence of organic-rich clays was
depositeds A secondary trend in the Albian was the increase in the
carbonate copfept of the sediments, It is conceivable that there was
some uplift of £he sea floor associated with this peried of tectonism,
However, it is more probable that there was a warmiﬁg'phese at this time
leading to a lowering of the lysocline and increased carbonate production.
Therefore by the close 'of the Albian (100 m.y.) a broad seaway, oﬁening
to the nofth,‘existed'off Western Australia. Sediment supply (mainly clay)
was predominantly from the east ﬁith some input from the south (Antarctica).
and possibly a minor amount from the northwest. The continental configuration
at this time is shown schematically in.figure 25B. It is based essentially
on the Smith and Hallam (1970) fit for the mouthern continents and used
subsequently by|Luyendyk (1974) and others, as this has Been ehown by
Embleton and McElhinny (1975) to provide the besf Inéian Ocean fit,

Sedimentary conditions changed markedly in the Cenomanian.. The
sediments became less calcafeous, Ehere‘was a mejor,decrease in the rate of

sedimentation, and in many areae sedimentatien either ceased cdmpletely or

there was extehsive erosion of the existing sediments. These conditions
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' appéar to have prevailed throughout most of the Late Cretaceous and extending

into the Early Tertiary in places. The most likely cause of this change

.\

was the northward movement of India commencing in\\ne Cenomanian (95-100 m.v.),
providing a seaway to the west of Australia 80 allowing the influx of cooler
westerly currents which swept west, then north along the eastern margin of

the ancestral Eastern Indian Ocean by the latter part of the Cretaceous,

‘ Thio.is shown schematically in Figure 25C, During this same period the

Naturaliste Plateau and Broken Ridge formed, thougﬁ.they were probably not
as extensive as at the present day as they do not appear to have inhibited
the influx of cooler water from the west and southwest.

By the Santonian or earlier, the uplift and volcanism associated |
with the early development of the Ninetyeast Ridge had commenced in the
vicinity of site 217, The sediments of the Ninetyeast Ridge give no real
indication of the origin of the Ridge, and whether it wao the result of a
transform fault (Sclater‘& Fisher, 1974); a fixed mantle plume (Morgan, 1972),
or both, coupled with a relative motion of the plates (Luyendyk and Davies,:
1974).is immaterial fo this discussion. What is apparent is that it wag
a very shallow feature early in its history - sufficiently shallow for coral
reefs and in places coal to form(on its crest. It is also a strongly
diachronous structural unit, as is evident from Figurc'21, with an age of
formation of 80 m.y. or older at the northern cnd, and about 40 m.y. at the
southern end. This chronology would seem to fit with the known northward
movement of the Indian plate (McIlhinny, 1970).
| Therefore by the Paleocene (about 60 m.y.) the Ninetyeast Ridge
existed as an elongate feature, shallowest at its southern (young) end
(Fig. 25D). Volcanogenic and calcareous sedimentation continued along its
creot-and flanks, but on Broken Ridge and the Naturaiiste Plateau and in
tne;abyssal zone there was little or noaoedimentation.f Tue Eastern Indian
Ocean was broader by this stage but deep currents from the west, deflected
north, continued to sweep across the shallow features in the.south.and over

the abyssal plain.
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Af About‘50—55'm.y; the final separation of-Auétralia and Aﬁtarctica
commenced; At fir?t there was little impact on the sedimentary pattérn

in the Easternxindian Ocean, with calcareous sedimentation continuing in
shallower waters and little or no sedimentation in deeper watefs. However
1n.the early Eocene (about 50 m.y.) and early Oligocene_(§5~40 mey.) the |
hiatuses extended onto the shallower feature, It may be that these |
hiatusés,_as suggested by Davies et al. (1975), correspond with cooling

and climatic deterioration.and the development of erosive northward—moiing
Antarctic bottom waters (Fig. 25E). By 30-35 m.y. the separation §f
Australia and Antarctica was complete and a strong Cipcum-Antarctic Current
established, This, together with the devélopment of the Ninetyeast Ridge j
(the Australian and Indian plates were by this'Stage welded together) on the
western margin of the Wharton Basin and the Naturaliste Plateau and Broken
Ridge on the southern margin, resulted in a marked decrease in the influx
of Antarctic Bottom Water. Conditions became warmer AS'the plate drifted
north'and there was é massive development of carbonates on the continental

shelf and slope, and on other shallow structures. However, there was

“little terrigenous sediment entering the Eastern Indian Ocean and consequently

1little or no sedimentation at abyssal depths. By the Miocene (10-20 m.y.),
these carbonates had prograded across the shelf and now periodically slumped
down the slope and into the abyssal plain to provide bedded units (the

acoustically layered unit) of allochthonous carbonates (foraminiferal-

nannofossil oozes) transported across the abyssal plain by massive turbidite

flows. At about this same time the Bengal Fan began adding large volumes

~of clayey and silty sediment to the northwest portion of the Eastern Indian

Ocean (Fig. 25F). A third feature, the movement of the northern margin

of the plate into the equatorial zone of high productivity also produced

the upper acoustically opaque unit and an increase in the abundance of

~ siliceous sediment (radiolarian-diatom ooze), All of these processes

resulted in a marked increase in the rate of sedimentation throughout ‘much of
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the Eastern Indian Ocean in-the late Tertiary and Quaternary., They also

produced the pattern of sedimentation that we now see at the present day.
oS
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Figure 5.

Figure 11.

‘Figure 12. -

Fisure 1

Fi~ure 16.

Y
!

Figure 17.

CAPTIONS FOR FIGURES

Location of drill sites, cruise tracks and major phy31ographic

‘features in the Eastern Indian Ocean.

¢\

Stratigraphlc sequence of DSDP sites Jdn the Eastern Indian Ocean.

Isopachous map of total sediment thlcknesa in the Eastern Indian
Ocean as determined from Ewing et al. (1969) and DSDP seismic
profiles.

Schematic representzation of stratigraphic columns in the Wharton
Basin, illustrating the three-fold lithologic and acoustic

"division of the abyssal sediments,

Seismic profile in the vicinity of Site 261, showing the lower ., .

acoustically opaque, the layered, and the upper acoustically
opaque units. A

Isopachous map for the lower acoustically opaque unit in the
Eastern Indian Ocean as determined from DSDP seismic proflles.

Isopachous map for the layered wnit in the nastern Indian Ocean
as determined from DSDP seismic profiles.

Isopachous map for the upper acoustically opaque unit in- the
Eastern Indian Ocean as determined from DSDP seismic profiles.

Distribution pattern of modern sediments in the Eastern Indian
Ocean.

‘Vertical and lateral changes in sedlmentary facies as determined
;from deep water (A) and shallow water (B) drill sites in the
Eastern Indian Ocean. .

Siliceous claystone showing extensive burrowing. Sample from

~Core 21, Site 263, depth of 527 m.

White kaolinite pellets in silty claystone. Sample from Core

Calcite-cemented kasolinitic sandstone. The pellets, which are
pale green in colour, are composed almost entirely of kaolinite;
the cement is of sparry calcite. Sample from Core 28, Site 263,
depth of 737 n. ‘ :

Dolomite rhombs from a dolomite nodule within a siliceous clay.

'Sample.from Core 22, Site 259, depth of 207 m.

Cluster of euhedral clinoptilolite crystals in a zeolitic clay.
Sample from Core 17, Site 259, depth of 159 m.

Sand—51ze quartz grain with promlnent marginal embayments, in
a zeolitic silty ciery. The embayments may be the result of
diagenetic marginsl replacement, or alternatively, the quertz
grain is of volcanic origin.

Foraminifera-nannofossil ooze. Sample from Core 1, Site 263,
depth of .2 m. ) ‘ oo
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Figure 18. Foraminlferal test partly infilled wlth pyrlte.. Sample.from
: Site 263. , _ -

T Figure 19. Variation of Ca003 content at deep (A) and shallow (B) drlll
' : sites in the Eastern Indian Ocean.

FPigure 20. Schematic representat1on of the distributions of hiatuses at
shallow drill sites in the Eastern Indian Ocean.

Figgré 21. Schematlc representatlon of the d13tr1butlon of hlatuses at
the deepwater drill sites in the Eastern Indian Ocean.

Figure 22. Variation in the rate of sedimentation during the Cretaceous
in the Eastern Indian Ocean.

FPigure 23.  Variation in the rate of sedimentation during the Cenozoic in
iy the Eastern Indian Ocean.

Fi e 24. The pattern of continental dispersal during the Late Mesozoic-~
Cenozoic and the influence of this movement on ocean currents
and sedimentation. Position of continents and the tlme
intervals are only approximate.
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