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Abstract. We establish a simple relat ion be tween subsidence and age
~~~~ for both normal ocean floor and the aseismic rid ges in the Indian Ocean.

This subsidence is accounted for by the cooling and con trac tion of the

~~~~

,lithospheric plate as it moves away from a center of spreading. We use
the rela tion be tween subsidence and age to construct paleobathymetric
char ts of the ocean for the early Oligocene (36 m.y.b.p.), the early
Eocene (53 m.y.b.p.) and the late Cretaceous (70 m.y .b.p.). We con—

>. d ude from these charts that the Indian Ocean between the middle

~~~~_ Cre taceous and the Oligocene may have been separa ted by the Nine tyeast
Ridge/Kerguelen Plateau complex and the Madagascar , Amirantes, Mas—

~
) carene , Chagos complex into thr ee bas ins which were not connec ted at

depths below 2,000 m. We discuss the implications these complexes and
the active mid—ocean ridge axis may have had for deep water circulation

_j patterns in the Indian Ocean.
As an example of the application of these charts we use 19 drill sites

to reconstruct the past history of the Calcite Compensation Depth (CCD)
in the Indian Ocean. The average depth of this boundary shallows from
more than 4,500 m at present to 4,000 m in the Ol igocene and remains
approxima tely constant till the Campanian. In the Wharton Basin it
shallows in the Albian and Aptian. Major differences from the average
in the Northern Arabian Sea and the Australia and Antarctic Basins can
be accounted for by proximi ty to the continental shelf and the presence
of bottom water in the Antarctic Circumpolar Current. We assume a
constant CCD of 4,000 m for the rest of the Indian Ocean and compute
the surface d istribu tion of carbonate and clay sedimen ts in the Oli go—
cene . The shallowing of the CCD results in a marked reduction in the
sur face  distribut ion of calcareous sediments be tween the presen t and

1Curren tly at Lamont—Doherty Geological Observatory, Columbia Univer-
si ty ,  Palisades, New York 10964.
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the Oli gocene. The reason for such a dramatic diminution of carbonate
sediments is not known.

Introduction

In the plate theory of tectonics, oceanic cr ust is crea ted a t a
spreading center by the intrusion of hot magma . As this magma moves
away from the spreading center it loses heat, cools and contracts .
Plate models based on these simple concepts give an excellent match to
the observed increase in depth with age of the oceanic crust (Parsons
and Scla ter , 1977). In general , the depth of the ocean floor increases
from 2 ,700 ± 300 in at a spreading center to 5,800 

~ 
300 in in oceanic

crust of early Cretaceous to late Jurassic age. The depth versus age
rela tionship Is a simple consequence of pla te crea tion and there is no
reason to believe that plate creation was any different in the late
Cretaceous than now . Thus, if the past mo tions of the pla tes are known
from mapp ing fracture zones, identifying magnetic lineations and DSDP
site information , i t is possible to predic t the pas t ba thym etry of the
ocean floor as a function of time (Sclater and McKenzie , 1973; Berger
and von Rad , 1972).

Unfor tuna tel y no t all of the ocean floor has been crea ted by the
simple sea floor spreading process. There are major structural units
called aseismic ridges some of which have not been created in this
fashion. Further , many of these r idges have been found to have been
topped by shallow water sediments early in their history. These struc-
tural uni ts, of which the Chagos—Laccadive and Ninetyeast Ridges are the
mos t prominen t , abound in the Indian Ocean . A model for their subsi-
dence his tory has to be developed before quantitative paleobathynietric
charts can be constructed. The analysis of sediments recovered in DSDP
holes has been invaluable in resolving the past history of these ridges .
For example, sediments recovered from the Ninetyeast Ridge in the Indian
Ocean are evidence that this feature was formed at sea level close to an
ac tive spreading center and tha t it has subsided at exa ctly the same
rate as the oceanic crust to which It Is attached (Sciater and Fisher,
1974; Pinim et al., 1974). This also holds true for ancient ridges from
other oceans (Thiede, 1977; Detrick et al., 1977). If information is
available, it is possible to predict in a quantitative fashion the past
subsidence history of aseismic ridges .
To construc t a series of paleoba thyme tric char ts and then to use them

to examine sediment facies changes through time it is necessary firs t
to establish a consistent magnetic and blostratigraphic time scale . We
start this paper by establishing such a time scale and follow by justi-
fying the depth versus age relation we propose to use for normal ocean
crust and the aseismic ridges. Then we present the tectonic history we
propose to follow and from this history and the depth versus age rela-
tion we produce paleobathymetric charts for the Indian Ocean at 36, 53
and 70 m.y.b.p. As an example of the possible application of the rela-
tion between depth and age and these charts we examine the past history
of the Calcite Compensation Depth (CCD) in the Indian Ocean as a func-
tion of time. We use this curve and the paleobathyinetry to examine the
varia tion wi th time of the surface  dis tr ibu tion of cal careous and clayey
sediments.
The tectonic history of the Indian Ocean is not well understood (see

also Johnson et al., 1976). Many of the aseismic features of the ocean
floor are as yet undrilled . Thus, the presen t study is mainly a semi—
quantitative attemp t to determine the depth of the major topographic
features of the Indian Ocean with time followed by a speculative use of
the CCD and these charts to predict past surface sediment distributions.

L1
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As the paper is mainly speculative we have concentrated in the text on
the major points and have left the details of how the various charts
were constructed to the appendices .

There are other major sedimentary problems in the Indian Ocean upon
which the paleobathymetry will have some effect. Such problems include
the explanation of the deep and shallow water Oligocene hiatus (Davies,
et a l . ,  1974) and the influence the pas t topography has upon the tern —
genous input to the major basins. These specific questions are tackled
by Davies and Kidd (this volume) in the following paper in this volume
and only br iefly alluded to in this manuscript.

Justification of the Chosen Time Scale

Sediments recovered in DSDP holes give information concerning the past
history of the site . To relate this information to the general tectonics
of the area It is necessary to have a biostratigraphic tine scale and to
know the relationship between this time scale and the ages predicted by
the magnetic anomalies on the sea floor. For the biostratigraphic in-
formation we have used the Berggren and van Couvering (1974) time scale
for the Tertiary and the preliminary time scale of Thierstein (1977) for
the Cretaceous/Jurassic . Relating the biostratigraph ic time scale to
the magnetic anomaly information is more difficult. It is clear from __

~~~~~~~~
__._—.—-------—-

~~~~~~
deep sea drilling data in the Indian Ocean that the original Heirtzler
et al. (1968) scale as modified by Larson and Pitman (1972) is m ade— - ~~cfl

quate due to large discrepancy in the Eocene and Paleocene (Si te 213 - - fl

from Sclater et al., 1974; Site 236 from Vincent , 1974; Vincent et al.,
1974; and Sites 239 and 245 from Schlich et al., 1974a).
Sclater et al. (1974) have proposed a modification to the Heirtzler

et al. (1968) magnetic scale which brings the age of the distinctive
magne tic anomalies in to be tter agreemen t with the sediment informa tion
from the DSDP holes. This modification has been questioned by both
Larson and Pitman (1975) and Schlich (1975). Larson and Pitman (1975)
argue in particular that Sites 239 and 10 in the South Atlantic m di—
cate an older age for anomalies 31 through 34 than given by Scia ter et
al. (1974). However, at Site 239 the lowermost distinctive nannofossil
horizon is Micula mura (Latest Maastrichtian) and not Tetralithus

• aculeus as cited in the original report (Larson and Thierstein , personal
communication). Also we consider the location of Site 10 with respect
to magne tic anomalies to be too poorly known to be considered as a
basis for a time scale . Further , Si te 211, which may well be on the

• quiet zone attributed to anomaly 33, has a basal sedimen t age of early
to middle Campanian. This is significantly younger than that predicted
by Larson and Pi tman (1975 , Figure 1). Clearly the relation between
the magnetic and the late Cretaceous biostratigraphic time scales is
still controversial . For the sake of consistency we have decided to
use the Scjater et al. (1974) modificatIon of the Heirtzler et al.
(1968) scale because it involves no dramatic spreading rate change in
the South Atlantic in the late Cretaceous .

The Depth of the Ocean Floor as a Function of Age

To de termine the pas t ba thyme try of the ocean floor it is necessary to
establish a relation between depth and age for all por tions of the
ocean crust. To a first approximation the floor of the Indian Ocean
can be separated into typical ocean crust and aseismic ridges (Figure 1).
In this section we compare the depth versus age data for the Indian
Ocean with that found in other oceans and we develop a subsidence model
for the aseismic ridges.

A ~~~-_-~~~~~ - - - - _~~~~~~---- -~~~~~~ -.--~ ~~~~~~~~~~ -— _ ~ --- — -~~~~~- - --- ---~~~~~~
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Fig. 1. A plot of JOIDES Deep Sea Drilling Sites on a bathymetric and
tectonic chart of the Indian Ocean. Bathymetric contours from the new
Russian Atlas of the Indian Ocean. Magnetic lineations are from Mc-
Kenzie and Sclater (1971); Weissel and Hayes (1972); Sciater and Fisher
(1974); and Schlich (1975). The shaded areas represent depths greater
than 4000 m.

Typ ical Ocean Cr ust

We have def ined typical oceanic crust as tha t prod uced hy the normal
sea floor spreading process. In the Indian Ocean we contrast it with -

the aseismic ridges which show up as d~.stinct regions of shallow topo-
graphy on the bathymetric chart (Figure 1). We have listed all the
sites on normal ocean floor which penetrated basement (Table 1) and
computed the isostatically correc ted dep th and biostra tigraphic age of
the basal sediments . We plotted the depths as a function of age and
compared these depths with that expected for normal ocean crust (Figure 

- -_
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Fig. 2. The relationship between depth and age in the Indian Ocean for
topographic profiles over oceanic crust with identified magnetic linea—
tions and for JOIDES Sites on normal ocean crust. The two dashed lines
are 600 m apart and represent the scatter in the data for the depth
versus age telation shown by most oceanic crust (Parsons and Sciater ,
1977). Sites which do not fall within these lines have been identified .

2). We also superimposed upon this plo t the dep th versus age da ta for
the spreading center crests and anomalies 5, 6, and 25 from Sclater et
al., 1971. Further , on the basis of topographic and seismic information
collected along the track of the GLOMAR CHALLENGER and published topo-
graphic , magne tic , and seismic surveys, we added fourteen depth/age
points to those originally computed by Sclater et al. (1971) (Table 2).
These depths, except for one point south of Australia , all fall within
the dep th versus age relationship expected for normal ocean crust. Only
7 out of 43 DSDP holes do not fall within the expected relationship for
depth and age . Of these 7 there are excellent reasons why 5 fall out of
the range . Starting with the younger of these anomalous sites, Si te 231
is in the Gulf of Aden and close to the African continental margin.
Site 238 is virtually on a fracture zone close to the foot of the Chagos—
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Laccadive Ridge . Site 220 is on the western flank of the sa.ne ridge.
Site 212 is too deep because it is located in an extension of the Inves-
tiga tor Frac ture Zone (Scla ter and Fisher , 1974; Figure 1). Site 256
lies on a topographic spur whi ch trends in a nor theas terl y direc tion
away from Broken Ridge . It is not surprising that it is too shallow
(Sclater and Fisher , 1974; Figure 1). Support for the anomalous nature
of this site cones from the chemical composition and concentration of
rare earth elements which sugges t the basalt has more affinities to
Sites 214 and 216 on the Ninetyeast Ridge than other sites in the
Whar ton Basin (Frey et al., this volume). There are two sites which
are unexpectedly different from normal ocean crust. Site 236 is on a
topograph ic b ulge nor th of the Seychelles, wh ich shows up very cl early
on the 1964 Russian ch art of the Indian Ocean (Anonymo us , 1964). Site
213 which is located in a wide northeast—southwest trough between the
Ninetyeast Ridge and the Cocos—Keeling Island complex (Figure 1 from
Sclater and Fisher , 1974) is too deep. The explanation of these troughs
which trend in a different direction to the other prominent features in
the Wharton Basin is unknown.

In general the dep th ver sus age da ta f ro m the Indian Ocean is simila r
to that observed in the Pacific and Atlantic. Thus we have confidence
from this data that we can construct paleobathymetric charts with the
depth versus age relation of the Pacific and Atlantic.

DSDP Holes on Aseismic Ridges

One of the dominant features of the Indian Ocean vhich contrasts it
with the central and southern Atlantic and the central and eastern
Pa ci f ic is the large number of aseismic r idge s . The ir pas t tec tonic
history is critically Important to determining the paleobathyme try of
this Ocean. The major aseismic features are Broken Ridge , the Ninety—
east and Chagos—Laccadive Ridges , the Mascarene Plateau , the Madagascar
Ridge and Crozet and Kerguelen Plateaus (Figure 1). Five Sites (214,
216, 217, 253, and 254) were drilled on the Ninetyeast Ridge and one
each on the Chagos—Laccadive Ridge (219), Mascarene Pla teau (237) ,
Madagascar Ridge (246), Mozambique Ridge (249), and Broken Ridge (255).
Two sites were drilled on the Naturaliste Plateau (258, 264) and al-
though neither of them reached basement they gave important Information
concerning the past history of this feature .

From paleontological information it is possible to determine whether
the environment of deposition was shallow water marine , shelf or deep
ocean facies. This information was used with considerable success by
P1mm et al. (1974) ,  Luyendyk and Davies (1974) and Luyendyk (this volume)
to analyze the past history of the Ninetyeast Ridge . This is the best
known aseismic r idge in the Indian Ocean and forms the type examp le
to which the limited information gathered on the other aseismic ridges
is compared. Sclater and Fisher (1974) have argued that the NInetyeast
Ridge is the same age as the oceanic crust to the west and Is attached
to the Indian plate. Further there is evidence (Table 3) that the
depth of the Ninetyeast Ridge increases with age. In fact , this dep th
increase is close to that predicted by assuming tha t the ridge was
crea ted a t sea level and tha t since the onse t of shallow wa ter marine
fad es it has subsided at the same rate as the oceanic crust to which
it is attached (Table 3; Figure 3). With this assumption , it is possible
f r om the DSDP holes, to predict the subsidence history at every point
along the rid ge.

All other  sites on aseismic ridges in the Indian Ocean have evidence
from the sediments for  subsidence from a depth close to sea level to
the i r  present depth (Table 3).  The most s t r ik ing is Site 219 on the

_ _ _ _ _ _ _  _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 3. Depth and Age from S/tea on Aceimaic H O d ges

ALe
Si te  L a t i t u d e  Longitude Basal  - - Non~ S ( I e I f1 Exp ~ 1 ted Depth
— Sediment Facl,’s Depth SedilnI lit ,r~~~-I ted+ from % ,rth Pao-l fic

Description of Subsidence History m .y.b.p .  m .y .b.p .  a Thick nen’ . Depth subsidence - ~1 r se  ‘4

A) NINETYEAST RIDGE

214 ll’20.2l’S 88’43.08E 57—59 49—54 1671 490 1980 2300
Shallow water Paleocene basalt sediments
w i t h the onset  of oceanic facies s t a r t ing
in early Eocene

216 0i’27.73’N 90’12.48’E 69—65 65—60 2262 457 2530 2400
Shallow water late Maastrichtian basal sedi-
sents  with onset of oceanic facies in the ear-
liest Paleocene

217 98’55. 570 90’32. 33’E 76—82 68—72 3030 1,63 442 2800
Sha l l o w  water earl y Campanian basal sedi-
ments with the onset of oceanic facies in
the early Maastrichtian

253 24’52.65’i 87.21.97’E 43—49 43—45 1962 558 2294 2200
Shallow water mid—Eocene basal sediments
with the onset of oceanic facies in
the uppermost mid—Eocene

256 30’58.15’S 87.53.72’E 16.39 20—26 1253 -301 1435 1400
Shallow water Oligocene/Eocene boundary
basal sediments with the onset of oceanic
facies in the early Iliocene/late Oligocene

B) OTHER

219 09’0l.750 72’52.67’E 54—60 49—54 1764 ‘.600 2137 2300
Shallow water late Paleocene basal sediments
with the onset of oceanic facies in early Eocene

237 0r04.99’S 58’07.48’E 60—4.5 49—60 1623 ‘694 2054 2250—2500
Shallow water early Paleocene basal sediments
with the possible onset of oceanic facies in
the earl y Eocene/late Paleocene

246 33’37.2l’.S 45’09.60’E 49—54 20—23 1030 194 1151 1400
Shallow water early Eocene basal sediment with
the onset of oceanic fad es in the early Miocene

249 29’56.99’S 36’04.62’E 121—134 2088 408 2352
Shallow water earl y Cretaceous basal sedi-
ments — subsidence history unknown?

255 3l’07.87’S 93’43.72’E 20—23 1144 ‘.109 1211 1400
Gretaceous limestone at bottom possibly uplifed
in the Paleocene with onset of oceanic fad es
in the early Miocene

258 33’47.69’S ll2’28.42’E 93—102 93—102 2793 ‘525 3)19 3000
Shallow water mid—Albian to Cenomanian basal
sediments with the onset of oceanic facies in
the mid—Albion with rap id shoaling through
the Cretaceous

264 34’58.l3’S l12’02.68’E 70—100 2873 171 3003 2800
Volcanoclastic conglomerate as basal sediments
subsidence to moderatel y great depths by Santonian

* By non—shelf we mean the onset of clearly shallow water marine fat/es (see text). -
+ Depth adjusted for inostatic loading of the sediments (see Sclater et al. , 197 1, Appendix 3), .s — 1.8 g/cm 3.

** Prom Sclater et al. (1971).

Chagos—Laccadive Rid ge , where the onset of oceanic fad es occurs in
the early Eocene (Whitmarsh , 1974b). Assuming that the ridge was formed
at sea level close to a spreading center and since then has sunk at the
same rate as the adjacent  crust gives an expected depth very close to
that observed. This and the general morphological similarities to the
Nine tyeast Ridge argue strongly that the Chagos—Laccadive Ridge can be
trea ted in the same fashion as this ridge. Site 237 lies on the
Mascarene Plateau. There is no direct evidence from the sediments for
subsidence from shallow to abyssal depths . However , the Mascarene
Plateau and the Chagos—Laccadive Ridge have a similar subsidence history
as is clear from the ben thonic foramini fe ra  and sedimenta tion ra tes a t
both Sites 237 and 219 (Vincent et al., 1974). For the purposes of con-
structing the paleobathymetric char ts we have assumed tha t the pla teau
and the ridge have had the same history of subsidence .

_-.--- - — - - - ---- ---_—

~

--- —~~~~~~.. _ _ _ _ _ _ _ _ _ _ _ _ _ _



- - _ _ _ _ _

PALEOBATHYMF .TRY AND SEDIMENTS 35

80-

33B .p 33B ,~ ,‘7 0 ’  /  7
30,, ’ 30A I

PREDICTED AGE OF NINETV EAST ~~~~~~
RIDG E AND CRUST TO WEST

60 \ ,/~~~ ? 4
~~ 50 . -

, 
)‘ 4 AGE OF JOIDES SITES ON NINETYEAST RIDGE

>- 
~~
,‘ / I

‘
~~~ /‘ ~~ AGE OF OCEANIC CRUST WEST OF NINETVEAST RIDGE

~“ / 0 AGE OF OCEANIC CRUST BETWEEN 8~ °E AND 86°E
4 0 -  / 16

30.
+ 9

4 PREDICTED DEPTH OF N I N E T Y E A S T  RIDGE
20 

- 254 253 214 215 216 217

~~~~ lOO: 
-
~~ 

~~

E
30°S 20°S b U S  0° 10°N

DISTANCE IN DEGREES OF LATITUDE

Fig. 3. Plot of the ages of the sediment ‘basement ’ contacts on the
N ine tyeas t Rid ge , the oceanic crust between 83°E and 86°E, and be tween
86° E and the Nine tyeas t Ridge , all against latitude. Also shown is the
actual depth of the crest of the Ninetyeast Ridge and the predicted depth
(dashed line) assuming tha t it was f ormed at sea level and has the same
age as the oceanic crust immediately to the west (after Sclater and
Fisher , 1974).

Drill ing at Site 246 on the Madagascar Ridge was terminated prematurely
owing to technical probl ems. The re is ev idence f rom the basal sedimen ts
of a shallow wa ter env ironmen t in the early Eocene . However , by the
early Miocene the onset of deep water facies is observed. This history
of subsidence from a shallow to deep water environment suggests that the
ridge behaves like oceanic basement , and that prior to the Oligocene it
was close to or above sea level. Unfortunately, we know no th ing about
its history prior to the Eocene . Site 249 is on the Mozambique Rid ge.
Though the oldest sediments were clearly formed near sea level the sub-
sidence his tory is unknown. The same is true for  Site 258 on the
Naturaliste Plateau. However , this plateau subsided qui te fa st af ter
formation (Table 3) .  Site 255 on Broken Rid ge has the most complex
h i s to ry  of the sites on the aseismic ridges . Luyend yk and Davies (1974)
believe that the basal Cre taceous limestone was formed at depths less
than 600 m bu t tha t the Ridge was upl if ted in the Paleocene and then 
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36 SCLATER , ABBOTT, AND THIEDE

started to sink in the late Eocene . The exact rate of sinking is not
known but it was clearly close to that of normal ocean crust in urd r
for the s i t e  to h ov e  reached a depth of 1,144 m by the present (Luyendyk
and Davies , 1974 , Table 3) .

For our reconstructions we have assumed tha t the Ninetyeast and Chagos—
Laccadive Ridges subsided from sea level at the same rate as normal ocean
crust and that this subsidence started at the time of onset of marine
shallow water fad es . We have assumed the same for the other ridges ,
There is much less justification for this but it is probably acceptable
as a first approximation. However , not this , but the absence of drill
sites on the Crozet and Kerguelen Plateaus is the most Important problem
with our interpretation of the aseisnic ridges. We know nothing about
the age of these Plateaus and nothing about their subsidence history.
Clearly both are critical to our understanding of pas t bathyme t ry of
the Indian Ocean and , hence , the past flow of bottom water around
Antarctica. In fact , as we will show in our reconstruction , the absence
of information from Kerguelen renders it impossible for us to make
quantitative predictions about past bottom water circulation around
Antarctica prior to the Miocene .

Tectonic History

In order to construct quantitative paleobathymetric charts it is
necessary to know the past tectonic history of the oceans . We have used
as the basis of our history the plate tectonic analysis of McKenzie and
Scla ter (1971) . Though there has been a significant upgrading of data
especially between Australia and Antarctica (Weissel and Hayes, 1972),
in the Wharton Basin (Sclater and Fisher , 1974), the Arabian Sea (Whit-
marsh , l974a) and the Crozet and Mas care ne Basins (Schl ich et al . , 1974b)
these data have not radically changed the reconstruction history worked
Out by McKenzie and Sclater (1971). However , there are three modifica-
tions that are important. Weissel and Hayes (1972) have shown that
Australia and Antarctica separated approximately 53 m.y .b .p . (anomaly
22). Also Sciater and Fisher (1974) have argued that India started to
move with respect to Australia roughly 33 m .y.b .p. (anomaly 11). These
same authors have shown that the Ninetyeast Ridge was initiated at this
time and has remained fixed to the Indian plate . As a consequence of
these changes , we have chosen to reconstruct the paleobathymetry at 36,
53 and 70 m .y.b .p. We present a 36 m .y .b,p . reconstruction because
this is close to the time of the major change in direction of all the
spreading centers in the central and western Indian Ocean. It is also
close to the time at which the Chagos Fracture Zone separated into the
Mascarene Plateau and the Chagos—Laccadive Ridge . The 53 m.y.b.p. re-
construction is the time we believe Australia started to separate from
Antarctica . The last reconstruction at 70 m.y.b.p . is the time of
anomaly 32 and is the furthest we can go back in time using magnetic
anomalies. We have considerable confidence in the 36 m .y.b.p. recon-
struction and some confidence in the position of the continents for
70 m.y .b .p. but not in the exact position of the ridge axes. However ,
the 53 m .y.b.p. reconstruction is speculative because there are serious
problems wi th aligning fracture zones and lineation trends .
The basic magnetic lineations superimposed upon a contour chart of the

Indian Ocean are presented in Figure 1. The present positions of all the
JOIDES deep sea drilling sites are also shown on this chart. Throughout
the reconstructions that follow we shall assume only four major plates
for this ocean (Figure 4a). These are (1) the African plate bounded by
the Carlsberg, Central Indian and Southwest Indian Ridges , (2 )  the
Indian plate bounded by the Carlsberg, Central Indian , Southeas t Indian 
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Fig. 4a. Tectonic chart of the Indian Ocean at present .

Fig. 4b . Tectonic chart of the Indian Ocean 36 m .y .b . p .  ( a f t e r  Mc-
Kenzie and Sciater , 1971) .

Fig. 4c. Tectonic chart of the Indian Ocean 70 m .y . b .p .  ( a f t e r  Mc-
Kenzie and Sclater , 1971).

Fig. 4d . Reconstructed position of the Indian Ocean ( a f t e r  Smith and
Hallam , 1970) . The paleola t i tude was determined using the paleotuag—
netic data for Australia .

and N inetyeast  Rid ges , (3) the Aus t ra l i an  plate bounded by the Ninety—
east and Australia/Antarctic Ridges and (4) the Antarctic plate bounded
by the Southwest and Southeas t Indian Ridges and the Aus t ra l i a /Anta rc—
t ica Ridge . For the 36 m .y.b.p. reconstruction (Figure 4b) we have
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closed Arabia onto A f r i c a , assumed the Indian and A u s t r a l i a n  plates  are
r igidly connected , and used the poles given by McKenzie and Scla ter
(1971) to close Ind ia /Aus t r a l i a  to Anta rc t i ca  and Af r i ca  to India/
Antarctica. For Africa with respect to Ind ia/Antarc t ica  the Chagos—
Laccadive Ridge was assumed to close onto the Saya de Malha bank at
the tine of anomaly 11. (McKenzie and Sclater , 1971). With our modif ied
time scale thi s da te is now close to 36 m . y . b . p .  and marks the time of
anomaly 13. This is also close to, although probably a little earlier
than , the time of the sharp change in spread ing direction on the South-
east Indian Ridge (Scla ter e t a l . ,  1976). Thus the change in direction
of spreading and the sp l i t  up of the old Chagos Fracture Zone may be
contemporaneous . There are clearly errors in de tail in the parame ters
chosen by McKenzie and Sclater (1971). However , the errors are small
and to a first approximation this chart is a good estimate of the posi-
tion of the continents 36 m.y .b.p. It is of interest to note thct by
this time the Southwest Indian Rid ge is almost completely closed.

The 45 m .y .b . p .  reconstruct ion of McKenzie and Sclater (1971) has more
serious errors . We constructed the tectonic chart for this time and
found that the lineations in the Crozet Basin overlapped those in the
Southerc ’ Mascarene Bas in .  As a consequence , we decided to follow
Weissel and Hayes (1972) and place the rifting apart of Australia and
An tarctlca at 53 m.y.b.p. Further , we split India and Australia before
36 m .y.b .p. (Sclater and Fisher, 1974) and followed Molnar and Franche—
teau (1975) in ‘ising the Chagos trench and the fracture zones in the
Mascarene Plateau and anomalies in Arabian and Somali Basins to deter-
mine the early Tertiary history of the motion of Africa and India. We
constructed a tectonic chart of the Indian Ocean for 53 m.y .b .p . using
the parameters given in the above papers (Table 4a). The lineations in
the Crozet Basin st i l l  overlap those in the Mascarene Basin but  the over-
lap is not very large . This suggests that by this time the Southwest
Ind ian Rid ge had comple tel y disappeared as a spreading cen ter be tween
the two basins . We follow McKenzie and Sclater (1971) and suggest that
it was dominantly a fracture zone. However , if this is the case the
lineations in the Crozet and Mascarene Basins shoul d be parallel .  They
are close to being parallel but do not match exactly. In the present
qualitative treatment this is not considered a severe restriction since
the data from the Crozet Basin and the preliminary poles of Molnar and
Francheteau (1975) may have s ign i f ican t  error . Another flaw of this
reconstruct ion is tha t the f r a c t u r e  zones in the Ceylon Basin do not
align with those in the Crozet Basin and the lineations do not appear
to coalesce on the same pole as the Ninetyeast  Rid ge. Clearly more
detailed work with all the available magnetic data is needed to re-
solve these problems. However, even given all these objec tions , we
feel that  it is unlikely tha t the posi tions of the continents and the
magnetic lineations have been s ign i f ican t ly misplaced in our proposed
reconstruction and we used it  to construct  a preliminary bath ymetric
chart of the Indian Ocean 53 m.y.b.p. However, we do no t show the
tectonic reconstruction for fear tha t it might be believed quantita-
tively reliable .
For the 70 m.y.b.p. reconstruction we have used the anomaly 32 poles

of McKenzie and Sclater (1971) but  correc ted the misprint in their pole
for the ea rthquakes between Africa and Antarctica (Table 4b). As there
is l i t t le  information on the floor of the Indian Ocean older than
anomaly 32 it is difficul t to check this reconstruction in as much
detail as that for 53 m.y.b.p . On the other hand , the posi tions of the
continents and of the N inetyeast  Ridge are compa tible wi th the si tes
on this Ridge and Site 250 between Africa and Antarctica. Also the
overlap of anomaly 32 on the Indian and Antarctic plates severely con—
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strains the possible geometry of the plates . However , neithe r ti le
position of the r idge axis between India and Africa nor th .it be ween
Africa and An tarctica is well known. We have assumed t h a t  the  spreading
center  between Ind ia  and A f r i c a  jumped sou th  sometime p r i o r  to anomaly
32 to account f o r  the ext ra  c rus t  in the n o r t h e r n  Mascarene B a s i n .  For
the ridge between Africa and Antarctica we have assumed that It con—
sis ted of two very long f r a c t u r e  zones , the w e s t e r l y  b e i n g  the P r i n c e
Edward and the eas t e r ly  s epa ra t i ng  the Croze t and M a s c ar e n e  Bas ins  and
offse t by three short ridge sections south of the Madagascar Basin.
The pos i t ion  of the spreading center  in the Whar ton  and Cen t r a l  I n d i a n
Basins and the history of the Nine tyeas t Ridge and Broken Ridge are
reasonably well  known . However , the spread ing  cen t e r s  in the  w e s t e r n
portion of the basin and the exact position of Africa with respect to
A n t a r c t i c a  is st i l l  unce r t a in .  I t  is likely a better understanding of
these two continents will have to wait until the lineations observed in
the Madagascar Basin (Bergh and Norton , 1976) have also been recognized
and i d e n t i f i e d  in the Crozet  Basin south of the sou thwes t  I n d i a n  Ridge .
However , for  a pre l iminary  pa leoba thymet r ic  c h a r t  i t  is u n l i k e l y  t h a t
the reconstructed positions of the continents and ocean floor are in
serious error  and since we have cons iderab le  conf idence  in the p o s i t io n
of the continents we present this tectonic reconstruction as Figure 4c.

In order to produce a paleobath ytnetr ic  c h a r t  for  70 m .y .b .p .  i t  is
necessary to know the posi t ions  of 4 ,000 m and 5 ,000 in i sobath s . This
in turn requires the determination of the position of the 90 m.y .b .p .
and 120 m .y.b .p . isochrons on the 70 m .y .b .p , tectonic reconstruction
(Appendix I). By 120 m .y.b .p . all the continents except Africa and
Antarctica were probably closed onto each other and even in the case  of
Africa and Antarctica there was little sea floor between them. To deter-
mine the position of the 90 m .y.b,p . and 120 m.y.b .p . isochrons we have
chosen to start  with a ten ta tive pos it ion for  the con tinen ts all  cl osed
into one continent called Gondwana . From this position of the continents
we work forward in time . For our speculative 70 m.y.b.p. paleobathymetry
we have assumed that the Gondwana continents started in posit ions close
to those given by Smith and Hallam (1970) (Figure 4d). In the early
Cre taceo us , Africa and South America split away from Madagascar , Ind ia ,
Australia , and Antarct ica , Sometime in the mid—Cretaceous A f r i c a  p icks
up Madagascar which then becomes a t tached to Afr ica  about the same time
India separates from Antarct ica  and by the earl y Cretaceous we have the
conf igura t ion  shown in Figure 4c .  In this reconst ruct ion the dominant
features are spreading centers completely surrounding the south ti p of
India with large fracture zones connecting them to the Tethys , a spread-
ing center in the Wharton Basin and the mid—Atlant ic  Ridge . This con-
f igura t ion  continues until 53 m.y.b.p. when Australia separates from
Antarctica and the ridge axis west of the Ninetyeast Ridge jumps south ,
The next major change occurs in the late Eocene—earl y Oligocene when
there is a reorientation in spreading direct ion in the central Indian
Ocean , the Chagos Fracture Zone opens, the Ninetyeast Ridge moves away
from the Southeas t indian Ridge and Southwest Indian Ridge is created.
It has been noticed by many that  this major  change in morphology occurs
at the onset of rapid uplif t in the Himalayas . It is probable that
these two features are causally related. After this major change , the
development of the ocean essen tially con tinues in the same fashion
until the present.

The Paleobathymetric Charts

Once the rela tion be tween dep th and age ha s been de termined , the
paleobathymetric charts follow directly from the tectonic history ,
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Fi g, 5. The predicted bath ymetry of the Indian Ocean for  the early
Oligo~ene (36 m .y .b .p ;  anomal y 13) . The shaded area represents depths
greater than 4000 m.

The method we used to construct these charts is discussed in detail in
Append ix I. In this section we discuss the problems found in construc-
ting each chart and the implications the contours migh t have upon the
flow of deep and bottom water in the ocean ,

The 36 m .y .b .p . (Early Oligocene, Anomaly 13) Chart

For the 36 m •y .b.p . r econs t ruc t ion  (Figure 5) we determined the rela-
tive depth of the Nine tyeast Ridge by assuming it was create-I at or
above sea level and has sunk at the same rate as the crust to which it
is a t t ached . At this time much of the Ninetyeas t Ridge was shallower
than 2 ,000 m and the southern portion and the section near Broken Ridge
were c lear ly  close to or above sea level (Luyendyk et al,, 1974). Al—
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most all of the Ninetyeast Ridge was probably above 3,000 m and if it
was connec ted to India to the north, the Ridge might have acted as a
major barrier to the eastward migration of water masses and sediments.
To the west we have less control  on the subsidence h i s to ry  of the Chagos—
Laccadive Ridge and the Mascarene Pla teau .  The sediments in holes 219
and 237 are evidence that  by 36 m . y . b .p .  both these regions probably
had a depth of close to 1,000 m or less (Vincent et al . ,  1974 ) .  Some
of the Chagos—Laccadive Ridge was probably close to sea level. Further ,
the Madagascar Plateau , on the basis of Site 246 , was also close to sea
level at this time and th is  p lateau and the southwest Indian Ridge may
have acted as a major barrier to the flow of bottom water from the
Madagascar Basin to the Mascarene Basin.
Our knowledge of the past history of the Crozet and Kerguelen Plateaus

is very sketchy . The Crozet Islands are young, but the Kerguelen—
Heard Islands may be as old as Oligocene (Watkins et al., 1974). On
the o the r hand , the bulk of bo th pla teaus may be considerably older
than the islands which show above sea level. As both features lie on
old cr ust , we have aøsumed that both were in existence 36 m .y.b .p . and
in their present geometry with probably only the sou theas tern end of
Croze t sign if i can tly shallower then than now. It is clear from the
36 m .y.b•p . chart (Figure 5) that Kerguelen and its possible extension
into Antarctica are very important as the subsidence history of this
feature must have controlled the possible flow of bottom water around
Antarctica .
Other features of some importance to deep water circulation patterns

are the Amirantes Islands and the Amirantes Trench. There is a major
hiatus in the shallow water carbonate sediments which extends across
the entire central and eastern Indian Ocean (Luyendyk and Davies , 1974)
for a shor t time span in the Oligocene. However , it does not extend in
either deep or shallow water into the Arabian Sea or the Somali Basin.
We tentatively suggest on this evidence that  In the Oligocene this
trench and island system was shallow and formed a barrier to deep water
flow,

The 53 m.y.b.p. (Early Eocene, Anomaly 22) Chart

For the 53 m.y.b.p. chart (Figure 6) the reconstructed position of the
end of anomaly 32 (70 m .y , b .p . )  was taken to mark the 4 ,000 m contour ,
The 5,000 m contour was est imated by determining the position of the
100 m .y . b . p .  isochron on this reconstruction. The depths for the
Nine tyeas t Ridge, the Chagos—Laccadive Ridge, the Mascarene Plateau and
Broken Ridge were determined from the DSDP sites on these features.
Long portions of all of these Ridges were probably close to sea level
at this time . Unfortunately we know very little about the Madagascar
Ridge and the Crozet and Kerguelen Plateaus , We have assumed for our
53 m .y.b.p . reconstruction that the Madagascar Ridge was close to sea
level and that the Kerguelen Plateau was already in existence , We have
omitted the Crozet Plateau ,
The dominant features of this reconstruction are the closure of Aus-

tralia and Antarctica and the segmentation at the 4,000 m level of the
ocean into a series of small isolated basins; the Madagascar, Somali,
Mas~ arene , Cey lon and Wharton Bas ins , all lying to the nor th  of the
Southwest and Southeast Indian Ridges. Another important feature is
the possible existence of major land bridges along the Ninetyeast and
Broken Ridges between Australia and India and along the Chagos Fracture
Zone between Madagascar and India ,
Between 53 m .y b .p . and 36 m.y.b.p. Broken Ridge is above sea level

and we have postulated that the Kerguelen Plateau was very shallow .
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Fig. 6. The estimated bathymetry of the Indian Ocean for the Early
Eocene (53 m . y .b .p . ;  anomaly 22) . The shaded area represents depths
greater than 4000 m .

During this time span Tasmania and its extension to the south was always
close to An ta r c t i c a .  Thus , except for the small region between Broken
Ridge and Naturaliste Plateau, the basins between Antarctica and Aus-
tralia were totally closed to deep water either from the east or west.
It is possible that this geometry could have led to major changes in
the deep sea sedimentary record . The absence of an Oligocene hiatus
at Site 267 may be evidence of such a change.

The 70 m.y.b .p . (Late Cretaceous, Anomaly 32) Chart

Apart from the position of the ridge axis between India and Australia—
Antarctica , the 4,000 m contour in the Wharton Basin, and the con tours
off the coast of Africa , all other contours and ridge axes on the 70
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m .y . b .p .  r econs t ruc t ion  are specula t ive  (Figure 7 ) .  The pos i t ion  of
spreading center between Madagascar and India is also speculative as
is that between A f r i c a  and A n t a r c t i c a .  However , the  con tours  in the
Wharton Basin and either side of the Southeast Indian Ridge determined
by estimating the 90 m.y.b.p. isochron are probably reasonable . It is
l ikely tha t  a t  this  t ime all  of the e x i s t i n g  Nin e tyeast  Ridge and most
of Broken Ridge were above 2 ,000 m and that the portions of both ridges
around Sites 255 and 217 were above sea level .  The exact  pa l eobathy-
metry  of the basin between India and Madagascar is much less c e r t a i n .
It is probable tha t  a lmos t  a l l  of th i s  bas in  was above 4 ,000 in. The
only really deep port ions  of the Indian Ocean occur in the Somali Bas in
and in the Madagascar and South Enderby Basins. This is to be expected
as in our speculative history of early opening these are the f i r s t
basins to be formed. As with our other reconstructions Kerguelen is a
major problem. Kaharoeddin et al. (1973) hove reported on some
Cretaceous shallow water fossils from this ridge. If correc t these fos-
sils are evidence that the Kerguelen Plateau was elevated and in its
position against Broken Ridge 70 m.y .b .p . However , much more data is
needed before we can accept with confidence such an important con-
clusion.

Use of Paleobathytnetric Charts

It  has been shown in the Pac i f ic  that  there is a relat ion between
the circulation of Antarctic bottom water and the level of dissolution
of calcarecus sediments. Paleobathymetric charts would be useful in
the determination of the paths of such currents in the pas t .  To do this ,
however , other information not now available is required . First, we do
not know how bottom water  was formed prior to the Oli gocene . Second ,
we have no understanding of the exact structure of the Kerguelen/
An tarctica contact and the relative closure of South America and
Antarc t i ca  beyond the Miocene . Consequently, we canno t pred ic t wi th
any confidence the flow of such a water mass around Antarctica .

It is thus obvious that we cannot use the paleobathymetr ic charts at
present to ob ta in  a q u a n t i t a t i v e  model of how and why the deep water
sediments are formed in the Indian Ocean. However, we can backtrack
the DSDP sites (Berger and von R&d , 1972) and es t imate  the depth of
the CCD through tine for the Indian Ocean , These depths can then be
superimposed upon the paleobathymetric charts to map the surface  dis-
t r ibu t ion  of calcareous and non—calcareous sediments at d i f f e r e n t
geolog ic times . In the next section we compute the CCD as a f u n c t io n
of time and use this and the paleobathymetric charts to investigate the
surface distribution of calcareous sediments in the Indian Ocean.

Dis tribu tion of Sed imen tary Facies in the Indian Ocean

The Calcite Compensation Depth

The most readily observable boundary between d i s t i nct  sedimen tary
facies in the oceans is the Calcite Compensation Depth (CCD), the level
where the dissolution rate of calcite equals the supply rate in the
deep ocean (Peterson , 1966) . The CCD is found today at approximately
3.5 to 4.5 km water depth (Berger and Winterer , 1974) sloping upwards
close to continental margins and in the polar to subpolar regions of
the world oceans. The depth variation of the CCD w i t h  t ime is s t i l l
under considerable discussion (van Andel , 1975). F ir s t , the coverage
of the world ocean with DSDP sites is geographically uneven and second ,
onl y a certain portion of the dri l l  sites are sui table for determining
the age/dep th position of the CCD . This unevenness and scarcity of
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Fig.  7.  A possible ba thymet ry  of the Indian Ocean for  the Late Creta—
ceous (70 m . y . b .p . ;  anomaly 32 ) .  The shaded area represents depths
greater than 4000 in.

data have resulted in a consideiable delay in comp il ing the geological
his to ry of this boundary between major pelagic sediment facies . The
firs t attempt to describe the history of the CCD on a world wide scale
has been completed only r e c e n t l y by van Andel (1975) .

The Indian Ocean poses a special problem for reconstructing the CCD
as a function of time . There are no deep sites in the central Indian
Basin and none south of the Southeast  or Southwest  Indian Ridges .  Of
the s i tes  t h a t  are available many did not reach basement and of the few
th at did only nineteen have an adequate sediment record . Certain sites ,
especiall y those of DSDP legs 23, 27 and 28, were dr i l led close to the
Arab ian and Australian continental margins or in the polar regions
south of Australia where the CCD is known to be situated much shallower
than in the open ocean. Thus these site8 cannot easily be compared
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w i t h  o thers  f rom the cent ra l  portions of the Indian Ocean. This
problem is discussed at some length later in this section.

Fif ty—three holes were drilled during seven DSDP legs in the Indian
Ocean. For the n ine teen  holes which showed a crossing of the CCD,
twelve were located in the eastern half and the other seven in the wes-
tern half of the ocean . The past water depth of all sites was calculated
by apply ing the subsidence of normal oceanic basement and correcting
only for the sediment overload (see Appendix II for the exact method
used). We deno ted all crossings of the CCD on these subsidence curves
by a point and plotted these points against age and depth (Figure 8a).
The time scales adopted for the Cenozoic and the Mesozoic are the same
as those used earlier in the paper. Finally, we have avo ided using
gaps in the coring records , ar tif icial or na tural ones , because they
are negative evidence and because the distribution of hiatuses in the
Indian Ocean is not well understood (Moore et al., 1977).

It is important to evaluate the initial data from holes carefully to
obtain the correct time and depth at which a hole crosses the CCD. For
exam ple , a major ques tion is the degree to wh ich the carbona te sed imen ts
are displaced to water depths which are below the CCD. Indications for
disp lacement have to be sought in the descriptions of sedimentary struc-
tures and textures contained in the initial reports . If a major portion
of the to tal sedimen t consis ts of reworked calcareous fossils of older
zones as in Sites 260 and 261, there is excellent evidence that much of
the carbonate sediments is displaced. Thin beds of calcareous sedi-
ments have been found intercalated wi th clays at a number of sites. In
some cases it was obvious from the core photographs (Site 212) that the
lower boundary of these beds is very sharp while they grade upwards into
the clays .

Al t hough the cases discussed above have been avo ided , the crossings
still reveal considerable scatter (Figure 8a) especially during Paleo—
cene through Middle Eocene times and during late early Miocene through
Pliocene times . However , this sca tter is due to only a few sites ,
namely 212 , 223 and 239 for  the older in terval , 222 , 261, and 265 for
the younger interval .
At each of these sites there are good reasons to believe the data are

not typical of the deep ocean as a whole. For example, Site 212 is
situated on an extension of the Investigator Fracture Zone , This ex-
plains the anomalous basement depth and also makes it highly likely that
the Paleocene—Eocene carbonate sequences are of siump origin. Sites 222
and 223 are situated close to the Arabian continental margin , a region
which is today and was throughout the Neocene highly fer tile (Thiede ,
1974). The age of the oceanic basement at Site 239 in the southern
Mascarene Basin is onl y known to be pre—Campanian (Simpson et a l . ,
1974) the oldest sediments consisting of brown clay inte’-~bedded wi th
nanno ooze and thus sugges ting a hia tus be tween the basemen t and the
oldest sediment (van Andel and Bukry, 1973). The Neogene cores of
Site 261 contain par tly calcareous sediments interbedded with clays
(Veevers and Heirtzler, 1974); the nanno oozes were probably displaced
to water depths below the CCD. Site 265 lie3 north of Antarc t ica , and
has a much shallower CCD in the Miocene than the other sites. The
reason for this is unknown but it could possibly be related to the
proximity of the site to the deep circumpolar current. We return to a
discussion of this site and Sites 222, 223 and 239 in the next section.

If the above six sites are ignored then this considerably simplifies
the history of the CCD. During the Tithonian the CCD was close to 3.5
km. It shallowed during the Albian and Aptian to 2.5 to 3.0 km and
then dropped to 4.0 km for the Maastrichtian. From then until the
Oligocene it remained fairly flat before another drop to approximately
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Fig. 8a. Crossings of the CCD on the subsidence curve of Joides DSDP
holes in the Indian Ocean.
I: Wharton Basin sites; £: Somali and Arabian basins; • 6000
+: central Indian basin; 0: Mascarene and Madagascar basins;
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Fig. 8b. The range of distribution of the Indian Ocean Calcium Carbon-
ate Compensation Depth (CCD) since Jurassic times. The solid line has
been fitted by hand through the majority of the crossings on figure 8a,
the stippled lines and the hatched area circumscribe the scatter of all
variable points except sites 212 and 261. 
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4.5 to 5.0 km occurred during the later part of the Neogene (heavy line
on Figure 8h).
The CCD curve which we obtain for the Indian Ocean is similar to that

presented by van Andel (1975) except for regions older than the Eocenc.
The differences all result from the use by van Andel (1975) of a subsi-
dence curve for younger crust which starts at 3,100 m rather than 2,700
in. Such a curve will tend to deepen sediment found very close to base-
ment by up to 400 in and results in the deeper CCD presented by van
Andel (1975) for the pre—Eocene sites.

Having subtracted six sites from the original nineteen it is important
to realize that the data base for this curve is not only regionally in-
adequate but also very poorly controlled in time . For example , there is
only one crossing available for the time span from 150 to 110 million
years (Site 261), there is only one site from the Turonian to Maastrich—
tian (Site 260) and no sites from the middle Eocene to late Oligocene .
However , certain tentative conclusions can be drawn from the data.
First , the CCD in the Tithonian was close to 3,500 in. Second , though
poorly distributed , the data from the Indian Ocean sites do not support
the idea of a CCD very close to the sea surface at the Cretaceous/Ter—
tiary boundary as proposed by Worsley (1974). Third , the simplified
curve , with all the caveats mentioned above , can be combined with the
paleobathymetric charts (Figures 5, 6 and 7) to provide the surface dis-
tribution of calcareous and non—calcareous sediments at selected time
slices (Figures 9a, b , c, and d).

Distribution and Interpretation of Major Sediment Facies Changes

The calcite compensation depth in any present ocean is not horizontal
but rather it is an undulating surface usually at a depth between 5.0
and 3.5 kms which shallows towards the continental margins and polar
regions (Berger and Winterer , 1974). Though there is a large difference
in the depth of the CCD be tween oceans, if only individual basins are
concerned , the d if f e r e n c e s  in dep th reduce to ab out 500 in If the near
coastal and polar areas are neglected . If it were possible to map the
surface of the CCD at a given epoch back in time for a given basin then
in principle interfacing the CCD surface with the paleobathymetry would
define the distribution of surface sediments in the basin at that time .
All ocean f l oor wh ich lay above the CCD would have calcareous sedimen t
depos ited upon i t and conversely all ocean f l oor wh ich lay below the
surface would have clay and radiolarian ooze deposited upon it. How-
ever , wi th the pr esent dis trib ut ion of JOIDES samp les and the ab sence
of continuous coring on the early legs it is impossible except in a few
isolated areas to de termine the surface of the CCD at a given point in
time for any basin. As a resul t of this , to compu te these sedimen t
fac ies maps, it is necessary to make a further assumption beyond those
which have enabled us to compute the CCD as a function of age . The
assumption is that within ±300 in from the present back to 70 m.y.b.p.
the CCD remains horizontal and is given by the mean point of the CCD
curve through time (Figure 8a). If we neg lec t the Australia/Antarc tic
Basin then all the sites back to the Paleocene appear to lie within
±300 in of the mean . Before the Paleocene this assumption appears less
valid. We applied this assumption of a horizontal CCD to the paleo—
bathymetry to produce the sediment facies maps. We believe only the
35 m .y.b.p. chart to be quantitative . The other two charts for 53 and
70 m .y . b .p .  have merely been included for  the sake of completeness and
to speculate as to how far our assumptions would lead us.
The errors in the charts are difficult to evaluate . We believe that

apar t from the Australian—Antarctic Ridge and between South Africa and
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Fig. 9a. Present distribution of carbonate , clay , hem ipelag ic and
shallow water marine sediments (Kolla et al., 1976).

Fig. 9b. Probable distribution of surface sediments in the early Oligo—
cene , (36 m.y .b.p.).

Fig. 9c. Speculative distribution of the surface sediments in the early
Eocene, (53 m.y .b.p.).

Fig. 9d. Highly speculative distribution of the surface sediments in
the Late Cretaceous , (70 m .y . b . p . ) .



50 SCLATER, ABBOT!’, AND THIEDE

Antarctica our sediment fad es map for 36 m.y .b .p . Is accurate on the
average to ±300 in. For the older charts it is difficult to estimate
the errors as so many unknowns are i nvolved . A probable maximum estimate
is around 400—500 in for the 53 m .y .b.p. chart as the 4,000 in contour is
fairl y well known for this chart but perhaps more than 500 in for the
70 m.y.b.p . chart as we have little confidence in either the CCD curve
or the paleobathymetry.

We comp iled the present distribution of calcareous and non—calcareous
sed imen ts (Kolla e t al. , 1976 ; Figure 9a) and compared this with our
distribution of calcareous sediments for the early Oligocene (Figure 9b).
As the CCD was much shallower the distribution of calcareous sediment
was much more restricted in the Oligocene than at present. We are
confident of the above conclusions as the CCD is well controlled back
to the Oligocene and the 36 m .y.b.p. paleobathymetry is believed re—
liable . It is clear that , as we move back further in time , the major
basins are covered by a steadily increasing proportion of calcareous
sediments (Figures 9c and 9d). The explanation of this is very simple.
As the size of the Indian Ocean decreases and the basins become younger ,
a larger percentage of the ocean floor is above 4,000 m. If the CCD
remains fairly constant with tine then the percentage of calcareous
sediments will increase . An estimate of the surface area covered by
carbonate sediment reveals that in this ocean it decreases from roughly
60 percent at present to approximately 40 percent in the Oligocene back
up to 50 percent by the Eocene and more than 60 percent in the early
Cretaceous .
The sediment distribution charts are based on three key assumptions.

Firs t, that all the basins have the same CCD; second , that the CCD,
when averaged over 10 million year time slices, changes smoothly; and
third , that from the Oligocene to the Campanian this depth has remained
at a constant depth fairly close to 4,000 in. Clearly our assumptions
do not hold for the Oligocene hiatus (Finn and Sciater , 1974; Davies and
Luyendyk ,1974)and for Sites 222 and 223, Sites 265 and 266 and Site
239 . It is our belief that these sites and Sites 256, 257 , 259 and 260
give information concerning the past changes of environment of the
basins in which these sites are located.
The CCD is the level where calcite dissolution equals carbonate supply

by surface waters . Carbonate dissolution increases with decreasing
tempera ture, increasing partial pressure of CO2 and total pressure. As
a consequence of these factors the CCD goes down in areas of high pro-
ductivi ty such as the equator. It goes up near the continental margin
due to removal of carbonate by dislocation due to the high organic car-
bon controls of the sediment. It also goes up in regions over which the
An tarctic bottom water flows because such water is undersaturated due to
decreasing temperature and increased CO2 and also because the rate of
supp ly of this water is Increased (Berger and Winterer , 1974). We now
exam ine the anomalous sites within the framework of this model.

Sites 222 and 223 are close to the coast of Arabia and thus it is not
surprising that they show a shallow CCD. Sites 265 and 266 in the
Miocene lie under the path of the deep Antarctic Circumpolar Current.
This nay be the explanation of why these sites should show an anomalous—
ly shallow CCD . Site 239 is an anomaly. However , It is possible that
bo ttom water passed from the Enderb y basin off Antarctica to the Tethys.
If such a current was undersaturated in carbonate it could explain the

— shallow CCD at Site 239. The explanation of the shallow Sites 256, 257 ,
• 259 and 260 in the Wharton Basin Is much simpler. Scla ter and Fisher

(1974) and Marki (1974) p red ict tha t Ind ia and its Tibetan ex ten sion
closed against western Australia between 100 and 120 n.y.b.p. Thus from
initial opening at 120 m .y .h.p. until at least 100 m .y.b.p., the Tibetan
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extension of India , the Exmouth Plateau and the Kerguelen Ridge would
have made the Wharton a totally enclosed basin with nearby continental

• shelves and consequent removal of carbonate .
In this study we have concentrated upon questions to which we think

we have plausible answers. However , there are problems which have
arisen which we cannot answer. For example, in the previous section
we have attributed the shallowness of the CCD in the Miocene at Sites
265 and 266 to circumpolar currents. Further Kennett et al., (1975)
have attributed the Oligocene hiatus in Sites 280, 281 and 282 wh ich
range in depth from 4200 in to 1600 in to the opening of the gap between
the Tasman Rise and Antarctica and the onse t of a vigorous shallow and
deep circumpolar current. We feel both our own interpretation of Sites
265 and 266 and that of Kennett et al. (1975) of Sites 280, 281 and 282
very plausible . The problem with both interpretations lies in the
fac t that the late Oligocene is complete in both holes 267 and 269.
However, at this time , both sites were close to the ridge axis (Figure
5) and directl y under the proposed axis of the supposedly very vigorous
Antarctic Circuinpolar Current. At present we do not have a convincing
answer to this problem which yet again illustrated the difficulties of
trying to speculate about global circulation with an inadequate data
base.

A second problem occurs with the Oligocene hiatus in the Indian Ocean
sediments. If it is defined solely as an absence of calcareous sedi-
ments where they would otherwise be expected then the evidence for its
occurrence is limited only to shallow water sites . Also these sites
(249 , 246 , 214 , 216 , 217 , 264 , 258 , and 261) all lie eas t of a line
joining the east coast of Madagascar , the Seychelles, the Chagos—
Laccadive Ridge and India. Thus the hiatus is evidence only for (1) a
possible shallow and deep water barrier between the Amirantes and the
Seychelles and (2) some shallow water relation between the sediments in
the sites east of our proposed shallow water line joining Africa to
India. At present there is no data supporting a deep water hiatus in
the eastern Indian Ocean.

Conclusiom, on Sediment Distributions

The major conclusions f rom our study of the var iation of CCD with t ime
and the examination of the influence of this on the distribution of sur-
face sediments with tine are (a) that the mean CCD shallows from around
5,000 m at present to close to 4,000 in for the Oligocene through the
Campanian ; (b) that the variations of the CCD away from this mean can be
attributed to deep water currents and proximity to continental marg ins;
(c) that the surface distribution of calcareous sediments i~ i the Oligo—
cene is considerably less than what is observed at preseflt; and (d) that
the presence of calcareous sed imen ts throughout the history of almost
all the aseismic ridges can be explained by the fact that except during
the Albian and Ap tian the CCD was never shallower than 2 ,500 in.
There are some outstanding problems which our study has not resolved .

These include the exac t ver tical dis tribut ion of the Oligocene h iatus
in the Ind ian Ocean , the pas t sedimentary history of the Kerguelen and
Croze t Basins and the general h istory of bo ttom water circulation south
of the southwest and southeast Indian Ridges. We feel strongly that
these and many other paleooceanographic problems of major order might
well be rend ered soluble by a carefully designed program of deep sea
dr ill ing in the southern Indian Ocean.
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Appendix I

The Cons t ruc t ion  of the Paleobath ymetric  Charts

In this section we ou t l ine  in detail  the basis and process by which
we computed the paleobathymetr ic  char ts .

Sciater et al. (1971) have shown that for much of the ocean f loor
younger than 80 m.y.b.p. there is a simple relation between depth and
age . Many authors have shown that this relation is compatible with a
simple cooling model where new crust is intruded at the ridge axis
which cools and contracts as the crust increases in age. Parsons and
Sc la te r  (1977) have demonstrated that for crust younger than 60 — 80
m . y . b . p .  and older than 1 m .y . b . p .  to the relative subsidence of the
ocean crus t , OH , follows w ith in ±300 m the fo l lowing  simp le empirical
re la t ion

- 350 ~ — 200

where t is in mi l l ions  of years .  For older ocean floor the depth fol-
lows a re la t ion  predicted b y the p la te  model (Parsons and Sclater , et
al., 1977). The closeness of the fit to this simple rela t ion is a very
strong agreement tha t  the ridge crest topograp hy at least in the range
0—70 m .y.b.p. or 2700 to 5500 m is dominated by simple conductive cool-
ing of the or ig ina l ly hot  crust.

The simp le depth versus age relation has been ob tained by averaging
many closely spaced topographic profiles and with some modification
probab ly holds for between 70 and 80 percent of the ocean floor . How-
ever , the ab solu te dep th of the rela tion does no t hold for  fo ur spec i f ic
types of ocean crust (1) local topographic relie f, (2) aseismic ridges ,
(3) local ized regions of young c r ust tha t are anomalousl y shallow ( fo r
example , the Azores High or the Reykj anes  Ridge) and (4) areas of crust
which appear to have long wavelength topographic anomalies which sta y
correlate with the long wavelength gravity field .

Fortunately, the first two and possibly the third region of anomalous
crust may have simple explanations which make them readily adaptable to
the normal subsidence relation. McKenzie and Bowin (1976) have demon-
strated that most local topographic relief originates at the ridge axis
by the construction of excess crust. This relief Is fixed into the
crust at the spreading center and remains wi th  the crust throughout i ts
history . Thus localized offsets from the subsidence curve for calcula-
ting CCD ’s with tine can simply be accounted for by assuming the ob-
served offset has occurred throughout the entire history of the crust.
For the aseismic ridges , Detrick et al. (1977) and ourselves in an
earlier section have shown that a similar model accounts for the sub-
sidence of these features. However , in this case subsidence normall y
starts with the aseismic close to or above sea level. The third and
fourth type of anomalous regions are much more difficult to model .
Vogt and Avery (1974) and Sclater et a l .  (1977) have argued tha t  the
Azores high and the Reykj ane s Rid ges are localized topographic anoma-
lies with their  or igin  total ly wi th in  the oceanic plate . If this is the
case then these local regions wil l  probably show the same subsidence
curve as normal ocean floor except offset by a certain amount. The
residual depth anomalies that correlate with the gravity field are much
more d i f f i c u l t  to model as they are thought to result from sub—litho—
spheric processes (Anderson et al., 1973; Menard , 1973 and Scla ter e t
al., 1975) and it is not clear how the process responsible for the
anomalies will vary with time . Fortunately apart from an area near
Croze t Island another between Australia and Antarctica (Weissel and
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Hayes . 1974) and the Bengal fan gravi ty  low (Kahle and Talwani , 1973) ,
these f ea tu r e s  are not widespread in the Indian Ocean and no allowance
has been made for  them in cons t ruc t ing  the paleobathymetr ic  cha r t s .

For the paleobath ymetric  cha r t s  we have assumed tha t  the f loor of the
Indian Ocean consists of only typical ocean floor and aseismic rid ges.
From the relat ion given by Parsons and Sclater (1977) i t  can be seen
that the 3,000 m isobath corresponds to 2 m.y. old ocean crust and the

• 4,000 in and 5 ,000 m isobaths to approximatel y 20 in.y. and 50 n.y. old
crus t respectively. For the aseismic ridges we have assumed they were
created close to sea level at a spreading center and have sunk wi th  the
crust to which they are attached.

Having determined the re la t ion  between depth and age we assume tha t
this relation has been the same for the past 100 m~y. and use the his-
tories of the relevant plate motions to determine the age of the ocean
floor. First the number of plates to be considered in the history are
de termined and the ir relative histor ies des ignated by a series of
rotation parameters which describe their history through time . In the
Indian  Ocean we as~’~r~e four  plates , A f r i c a , India , Aus t r a l i a  and Ant-
arctica. From the rotation parame ters there are two simp le ways to
construct charts of the age of the ocean floor. The first is to digi-
tize the position of the ridge crest or the earthquakes which define
the ridge axis and then to rotate these coordinates through the para-
meters given for the relation rotation of the plates. In this method
it is necessary to rotate one plate with respect to anQther by the
rotation prescribed for the given age . The ridge axis, be tween the
two plates , is then rotated by hal f the angle of ro ta t ion  and then by
the rota tions necessary to def ine the 2 , 20 , and 50 n . y .  isochrons
either side of the ridge axis. These rotations give the positions of
the ridge crest and the 3,000 , 4 ,000 and 5 ,000 in isoba ths on the given
reconstruction (Sclater and McKenzie, 1973; Sclater et al., 1977).
Unfortunately this simple method cannot be applied to the Indian

Ocean beca use of the dramatic change In spread ing direc tion around
36 ~t .y.b.p. For this paper , we d i g i t i z e d  the magnetic lineations in
the Indian Ocean and for  each recons t ru ction we at tached them to the ir
relevant plate and rotated the p lates b y the necessary amount to over-
lap anomalies 13, 22 and 32 (36, 53 and 70 m .y.b.p.). The parameters

• for the 36 and 70 m .y.b.p. reconstructions are given in McKenzie and
Sciater (1971) and for  the 53 m.y.b.p. reconstruction they are pre-
sented in Table 4a. To determine the paleolatitude we rotated the
plates with respect to a fixed Australia and then rotated Australia
the distance necesssary to superimpose the paleomagnetic poles for
Australia on the North Pole .
We then determined by eye, using the ro ta ted lineatioms as a guide ,

the positions of 2, 20 and 50 m .y.b.p. isochrons on the given tectonic
chart. For example , on the 36 m . y . b . p .  chart the posit ion of the 3,000
n contour was drawn on crust 38 n . y .  old i.anomaly 15). Anomaly 24 which
has an age of 56 n.y.b.p. is 20 n.y. older than the crust a t  the rid ge
axis. Thus, the position of anomaly 24 on the 36 m .y . b . p .  chart marks
the 20 million year old isochron and hence the 4,000 m isobath , Simi—
larly , the 5 ,000 in isobath on the 36 m . y .b .p .  reconstruction is marked
by the position of the 85 m.y.b .p. Isochron . Anomaly 34 is approxi-
mately 80 n.y. old. Thus by extrapolating the age of the ocean floor
a l i t t l e  beyond this anomaly it is possible to estimate the position
of this isochron .
On the 53 m.y.b.p. reconstruction a position just beyond anomaly 32

(70 m.y.b.p.) was used to obtain the 4,000 in contour. The 5,000 in con-
tour is given by the position of the 103 m.y.b.p. isochron . This was
extrapolated from the tectonic history . For the 70 m.y.b.p . recon—
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Fig. lOa. Paleodepth determination by vertical backtracking parallel
to idealized subsidence track.
A and B: present depth and paleodepth (40 m.y.b.p.) on idealized curve ;
C: actual size;
D: analogue to B on parallel curve ;
Z: distance between A and C;
P: final paleodepth after correction for isostatic loading (see text)
(after Berger and Winterer , 1974).

Fig. lob. Backtracking of site 137, leg 14 (Hayes et al., 1972).
Symbols from left to right : clay , calcareous ooze, basalt. The sample
numbers represent core numbers from site 137 (after Berger and
Winterer, 1974). 
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struction the 90 and 120 n . y  .b .p. isochrons extrapolated from the tec-
tonic histories were used to determine the 4 ,000 m and 5 ,000 in c o n t o u r s .

it is clear f rom the above analysis that only the 3,000 , 4,000 and
5,000 m depths on the 36 m.y.b.p. reconstruction , the 3,000 and 4 ,000 m
depth on t he  70 m.y .b.p. reconstruction are known with any certainty .

A ppend i x I I

Backt racking

In orde r to explain preci sely what we did to compute the  pas t  d e p t h s

/ 

of the calcium carbonate line we present here a precis of our method.
A more complete description can be found in the exce l l en t  paper by
Berge r and Win terer  (1974) .

To de termine the past  depth of the carbonate l i ne  f rom Deep Sea D r i l —
l ing da ta , we need to know its depth at the time the sediment column
passes through the carbonate clay boundary . In order to determine this
depth  we make two basic assumpt ions , f i r s t , tha t  sea level  has not
changed by more than 100 to 200 in since the Jurassic and second , that
there is a simple relation between depth and age for oceanic crus t that
also has not changed since the Jurassic. Having made these assumptions
we can innnediately obtain an estimate of th e depth of deposition from
the standard subsidence curve if we know the age of basement and the
age of the sediment in question.

We assumed the subsidence curve of Sciater et al. (1971) and Parsons
and Sclater  (1977) starting with 2,700 in as the depth for  newly f o r m e d
sea floor. The age of the basement defines the starting point (A) on
the idealized subs idence curv e, whereas the age of the sediment deter-
mine” the distance we have to back track on this curve to find the
depth (B)  a t  wh ich  the sediment  was be ing deposited (Figure lOa; base-
ment age — 60 tn.y.b.p.; sediment age — 40 m.y.b.p.; A = 5,200 in ; B —

4,000 i n .  These depths are slightly shallower than those used by Berger
and Winterer (1974). This results from the fact that we have used a
s l i g h t ly shallower subsidence curve). However , for two reasons this
method is too s imple .  F i r s t ,  a p a r t i c u l a r  p iece of the sea f loor  does
not follow the absolute paleodepth curve  r a the r  it subsides parallel to
the curve . Second , we have neglected to co r rec t  fo r  the isostatic
ad jus tment  of the sediment .  To correct  for  these features  we use
actual s i te  depth and depth f rom the bo t tom of the ho le .  We re locate
the curve paral lel  to i t s e l f  by the ve r t i ca l  distance between the
actual s i te  depth (C) and the expected dep th  (A) . The subsidence
curve  now goes through the actual  depth (C) and we find a preliminary
paleo—depth (D) as b e f o r e . To compensate f o r  isostat ic loading we go
downward from poin t (0) b y the total depth of sedimen t in the hole and
then up again by two—thirds of the dep th from the bottom of the hole
of the sediment in question to obta in  poin t  ( P ) .  The co r r ec t ion  fo r
sediment loading was calculated from the re la t ion  given by Scia ter ,
et al. (1971, Appendix III) assuming a mean density of 1.8 g/cn3 for
the sediments.  For example for Z — 700 m , a total  sediment thickness
of 600 m and a depth from the bo t tom of the hole for 40 m.y.b.p.
sediment  of 500 in the final paleodepth is 3,550 m (F igure  lOs) .


