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ABSTRACT

Correlation of mineral associations from sediment recovered on the northwestern Australian continental margin
document the juvenile-to-mature evolution of a segment of the Indian Ocean. Lower Cretaceous sediments contain
sandy-to-silty radiolarian claystone that consists of highly smectitic mixed-layered illite/smectite (I/S) in addition to
minor amounts of diagenetic pyrite, barite, and rhodochrosite. These immature, poorly sorted sediments were derived
from nearby continental margin sources. Discrete bentonite layers and abundant smectite are the alteration products of
volcanic material deposited during early basin formation. Abundant quartz-replaced radiolarian tests suggest high
surface-water productivity, and calcareous fossils indicate water depths were above the calcite compensation depth (CCD)
in the juvenile Indian Ocean. The increase in pelagic carbonate from the mid- to Late Cretaceous signals the transition
to mature, open-ocean conditions. Similar to other slowly deposited contemporaneous deep-sea sediments, mid- to Upper
Cretaceous sediments of the northwestern margin of Australia contain palygorskite. This palygorskite is associated with
calcareous sediment across the ooze-to-chalk transition, detrital mixed-layered 1/S, and zeolite minerals in places. This
palygorskite occurs above the transformation from opal-A to opal-CT. The underlying opal-CT sediment contains
abundant smectite and zeolite minerals. Calcareous sediment dominates the Cenozoic, except at abyssal sites that were
not inundated by calcareous turbidites. Paleocene and Eocene sediments contain abundant smectite and zeolite minerals
derived from the alteration of volcanic material. Palygorskite was found to be associated with sepiolite and dolomite in
Miocene sediments from Site 765 in the Argo Basin. Pliocene and Quaternary sediments contain detrital kaolinite and
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mixed-layered I/S, abundant opal-A radiolarian tests, and minor amounts of pyrite.

INTRODUCTION

The Australian and Indian continents started to drift apart
during the Late Jurassic—Early Cretaceous break-up of Gond-
wanaland. One of the key objectives of ODP Legs 122 and 123
was to document the evolution of the passive Australian continen-
tal margin by examining its sedimentation history. During Legs
122 and 123, scientists recovered sediment from the Exmouth
Plateau and the Argo Basin, and during DSDP Leg 27, they
recovered sediment from the Argo, Gascoyne, Cuvier, and Perth
abyssal plains adjacent to the continental margin of northwestern
Australia (Fig. 1). Together these sites provide information about
the rift-to-drift history along the northwestern continental margin
of Australia and the juvenile-to-mature evolution of the Indian
Ocean. This study examines the mineralogy of sediments recov-
ered at Sites 261, 765, and 766, along with mineralogical data
available from Leg 27 (Cooks et al., 1974) to establish regional
depositional and diagenetic trends among the sites.

METHODS

Samples were collected on board the JOIDES Resolution dur-
ing Leg 123 and samples from Site 261 were obtained from the
ODP Core Repository. Bulk samples were scraped clean of any
drilling mud contamination, placed in beakers with deionized
water, and disaggregated with a rubber spatula. Dispersant (ap-
proximately 20 mL of 5 wt% sodium hexametaphosphate solu-
tion) was added to each sample to prevent flocculation of the clay
minerals. The dispersed sample was placed in an ultrasonic bath
for several minutes until the sediment particles had disaggregated
and were suspended in a slurry. The slurry was washed through a
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Figure 1. Location map of drill sites from DSDP Leg 27 and ODP Legs
122 and 123.

38-um stainless-steel sieve and the collected >38-pum size fraction
was dried overnight at 60°C. The <38-um slurry was centrifuged
to settle particles >2-pum in spherical diameter. The <2-pum slurry
was centrifuged to settle particles >0.1 pm in diameter. The 0.1-
to 2-pm size fraction typically consisted of a dark, greasy top layer
(approximately <0.5 pm) and a light, sticky base layer. A glass
smear slide was made for the >38 pm, 2 to 38 um, <2 pm base
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layer, and <2 pum top layer and analyzed using a Scintag XDS
2000 X-ray diffractometer (XRD) and Cu Ko radiation. The
<2-um size fraction was soaked in ethylene glycol overnight and
analyzed using XRD. The percentage of interstratified illite in the
mixed-layered 1/S was determined by measuring the position of
the glycolated 002/003 reflection and by using the techniques
described by Reynolds and Hower (1970), Reynolds (1980), and
Moore and Reynolds (1989). The relative abundance of the min-
erals was estimated from the integrated area of their most intense
XRD peak (Tables | and 2; 0 = nondetectable, 1 trace [<] wt%],
and 6 = abundant [>20 wt%]).

MINERALOGY OF SEDIMENT FROM SITE 765

The mineralogy of Site 765 has been described in detail by
Compton and Locker (this volume).

MINERALOGY OF SEDIMENT FROM SITE 766

The mineralogy of sediment from Site 766 can be divided into
four distinct mineral associations, based primarily on differences
in clay mineralogy. The relative abundance of the minerals at Site
766 is presented in Table 1, and the relationship among the
mineral associations, sample location, sediment depth, age, and
lithology is shown in Figure 2. Below, we describe the four
different mineral associations from oldest to youngest.

Mineral Association IV

Mineral Association IV includes sediments from 454 to 230
meters below seafloor (mbsf) that are in contact with underlying
diabase sills. We interpreted basement as intermediate between
oceanic and continental (Ludden, Gradstein, et al., 1990). Sedi-
ments from mineral Association IV range in age from latest
(?)Valanginian to Aptian and correspond to lithologic Unit Il and
the lowermost portion of lithologic Subunit IID (Fig, 2). The basal
lithologic Subunit ITIB consists of greenish-gray to black, clayey
siltstone and sandstone and is overlain by lithologic Subunit ITIA,
which consists of greenish-gray to black porcelaneous claystone.
The clay mineralogy of mineral Association IV is predominantly
highly smectitic, randomly interstratified I/S. The 1/S generally
contains less than 10% illite layers; however, the 1/S of two
samples was found to contain about 25% illite layers. Minor-to-
trace amounts of illite, kaolinite, and mica are common in the
coarse clay size fraction (1-2 um). Pyrite framboids and dolomite
occur in places, but calcite is present only in trace amounts. The
sediment from lithologic Subunit IIIB contains abundant silt and
sand-sized grains consisting of quartz, feldspar (approximately
equal amounts of K-feldspar and plagioclase feldspar), and lithic
fragments. Zeolite minerals (predominantly clinoptilolite) were
observed in sediments from 288 to 308 mbsf and from 241 to 251
mbsf. Quartz-replaced radiolarian tests are common in Hauter-
ivian sediment, and opal-CT is abundant in the overlying Barre-
mian to Aptian porcelaneous claystone. Mineral Association IV
contains significantly more organic carbon than the overlying
mineral associations, with organic carbon contents as high as 1.5
wt% (Ludden, Gradstein, et al., 1990).

Mineral Association ITI

Mineral Association III (80-192 mbsf) corresponds to li-
thologic Unit II, which consists of nannofossil ooze and clayey
chalk that ranges in age from Aptian/Albian to Maestrichtian/Pa-
leocene. The transition between mineral Associations IV and III
is marked by a zone of poor recovery (192-230 mbsf). Mineral
Association III contains the clay minerals palygorskite, I/S, and
lesser amounts of illite. The 1/S contains between 15% and 50%
illite layers. Kaolinite occurs in the uppermost part of mineral
Association IIL. Silt-sized quartz, feldspar, and mica grains are
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common. The calcite content increases and the organic carbon
content decreases dramatically going from mineral Association
IV to mineral Association III. Clinoptilolite is common in trace-
to-minor amounts, but pyrite and dolomite were not observed.
Trace amounts of opal-CT were observed in the lower half of
mineral Association I1L.

Mineral Association I

Mineral Association IT occurs in Paleocene and Eocene nan-
nofossil coze from 28 to 67 mbsf; it contains 1/S, kaolinite, illite,
and possibly trace amounts of palygorskite and mica. The I/S
contains between 10% and 25% illite layers. Zeolite and dolomite
are common in trace amounts. Mineral Association II corresponds
to lithologic Subunit IB, which consists of pale brown to white,
highly calcareous nannofossil ooze (>90 wt% calcite),

Mineral Association I

Mineral Association I (22-0 mbsf) corresponds to highly cal-
careous nannofossil ooze of lithologic Subunits IA and the upper-
most portion of IB that range in age from Pliocene to Quaternary.
The clay mineralogy consists of /S, a noticeable increase in the
kaolinite content, minor amounts of illite, and possibly trace
amounts of palygorskite. The 1/S contains approximately 40%
illite layers. Opal-A radiolarian tests and trace amounts of pyrite
were also observed in mineral Association I.

MINERALOGY OF SEDIMENT FROM SITE 261

The mineralogy of sediment from Site 261 was originally
described by Cooks et al. (1974). Additional samples from Site
261 were included in this study to determine the mineral associa-
tions more accurately and to compare the mineralogy of Sites 261
and 765 (Compton and Locker, this volume). Site 261 is located
4°N of Site 765 in the Argo Basin, and together these two sites
provide a comparison of sedimentation and diagenetic histories
across the Argo Basin that can be correlated from continuous
seismic profiles between the two sites (Buffler, 1990). The rela-
tive abundance of the minerals found at Site 261 are listed in Table
2. The relationships among sediment depth, sample location, age,
lithologic units, and mineral associations (defined below from
oldest to youngest) are shown in Figure 3. The recently revised
biostratigraphic age dates of sediment from Site 261 are used in
Figure 3 (Dumoulin and Bown, this volume).

Mineral Association V

The basal sediments (448-524 mbsf) at Site 261 are Tithonian
to Hauterivian/Valanginian in age. These sediments are in contact
with oceanic basalt. Mineral Association V corresponds to li-
thologic Unit IV, which consists of claystone that contains quartz-
replaced radiolarian tests, quartz sand and silt, and, in places,
abundant barite and calcite. The sand, silt, and coarse clay size
fractions (>1 um) contain quartz and some minor K-feldspar,
discrete illite, and trace amounts of kaolinite. The clay fraction is
dominated by I/S that contains <10% illite layers, with the excep-
tion of the basal sediments, which contain I/S that has about 20%
illite layers.

Mineral Association IV

Mineral Association IV (363-438 mbsf) corresponds to the
base of lithologic Unit III, which consists of quartz-replaced
radiolarian tests and quartz-sandy and silty claystones of Barre-
mian age. These sediments are composed predominantly of
quartz, but also contain I/S and trace amounts of K-feldspar,
plagioclase feldspar, illite, and kaolinite. The I/S contains ap-
proximately 20% to 30% illite layers, which distinguishes mineral
Association IV from mineral Association V.
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Table 1. Mineralogy of sediments recovered at Site 766.

Depth Silica Carbonate Fel ay Minerals <2um
| M.A. Core Section _cm __(mbst) Color Lithology 1z | O-A [O-CT|Wr. % CacodCalcite] Dolo| K i mi | Mica | lite Imm Us | %l | Pyr | Zeol|

iR 1 147-150 1.47 Red/brown Siliceous nannofossil coze 4 4 0 804 6 0 3 0 0 1 3 1 4 ? 1 0

| 2R 3 145150 1215 | Orange/brown Siliceous nannofossil coze 4 0 0 626 6 o 0 0 0 2 4 0 4 40 1 0
3R 3 145150 21.75 TE_n:‘r.\rnnge Siliceous nannolfossil coze 2 0 0 94.0 6 0 0 0 1 1 3 1 4 40 0 0

4R 1 145150 2845 Tan/white Siliceous nannolossil coze | 1 0 0 958 6 0 0 1 0 2 1 1 4 10 0 1

6R 3 145150 5075 Tan/white Siliceous nannolossil coze | 1 0 o] 928 6 0 o 0 [ 2 2 0 4 10 0 1

] 7R 6 8082 54.30 Tan/white Siliceous nannofossil coze | 1 0 0 - 6 2 0 0 1 1 2 0 5 ? 0 0
BR 1 145150 67.15 Tan/white Siliceous nannofossil coze | 0 0 0 94.9 3] 1 0 0 0 1 2 1 4 25 0 1

OR 3 145-150 79.75 Yellowbrown  Siliceous nannolossil coze 1 0 o 94.1 6 0 0 1] 0 1 2 2 3 45 0 0

11R 4 107112 10027 Tan Siliceous nannolossil coze | 2 0 0 . 6 1] 0 1 1 1 2 3 4 ? 0 0

12R 1 1451150 10575 Tan/white Siliceous nannolossil coze 1 0 0 908 6 0 0 1 0 1 2 3 4 T 1 1]

13R 2 7780 116.17 Brown Silicecus nannolossil coze | 2 0 0 . 3 o 2 1 0 1 2 [ 5 507 ] 0
15R 3 140-150 137.60 Tan/brown Clayey chalk 2 0 0 60.6 6 0 0 1 0 2 0 5 5 45 0 1

nm 17R 4 3537 157.35 Drk brown Clayey chalk 2 0 0 - 4 0 0 0 0 2 0 5 5 50 0 1
18R 3 140-150 166.50 Tan Clayey chalk 2 0 1 532 5 0 1 0 1 2 0 5 5 50 0 1

18R 3 136140 176.06 Brown Clayey chalk 3 0 1 - 6 0 1 1 (1] 2 0 5 5 40 0 2

20 3 5559 184.95 Tan Clayey chalk 1 0 1 - [ 0 0 0 o 1 0 3 4 15 0 1

21R 1 53-58 191.53 tan Clayg! chalk 2 0 0 - 4 0 1 1 1 2 0 4 5 25 0 1
25R 1 23-26 22083 Pale green Siliceous claystone 1 0 3 - 4 0 0 0 1 2 0 0 6 <10 0 0
26R 1 140-150 240.70 Greenftan Siliceous claystone 3 0 3 1.2 1 0 1 1 1 2 0 0 6 <10 0 4

2TR 2 6872 251.08 Pale green Porcellaneous claystone 2 0 5 2 0 1 1 1 1 1 0 5 <10 0 1
28R 6 103-106 267.13 | Drkb lgray P il s clay 2 0 5 - 2 0 1 1 1 2 1 0 5 <10 1 0
29R 4 9597 273.75 Gray/browi Porcellaneous claystone 3 0 5 - 1 0 0 1 1 2 1 0 5 <10 0 0
30R 1 140-150 279.30 Gray/blach Porcell 15 clay 4 0 5 4.1 2 2 2 1 1 3 1 0 6 <10 0 0
31R 1 54-57 288.04 | Drkb g P il 1s clay 4 0 9 2 0 0 0 1 3 1 0 6 257 1 2

IV 32R 4 130-132 303.00 | Drk brown/black Clayey siltstone 4 0 0 - 0 0 0 0 1 2 1 0 6 <10 1 2
33R 1  140-150 30820 Drk brown Silty claystone 3 0 0 1.0 1 2 1 1 1 3 1 0 6 <10| 0 2

3R 1 134-138 337.14 Drk brown Silty claystone 3 0 0 - 1 2 0 0 0 2 1 0 6 <10 0 0

37R 1 140-150 346.90 Drk green Clayey siltslone 4 0 0 1 2 1 0 1 3 1 0 6 <10 1 1

38R 3 9608 359.06 Drk brown Clayey siltstone 4 0 0 - 1 0 1 0 1 2 2 0 6 257 0 0

40R 3 140150 378.90 | Drk greenblack Silty claystone 2 0 0 151 2 0 1 1 1 1 3 0 6 <10 0 0

43R 3 140150 407.%0 Brown/blk Silty claystone 3 0 0 32 1 2 1 1 1 1 1 0 6 <10 1 0

46R 4  140-150 43840 Black Clayey siltstone 4 0 0 43 1 2 1 0 1 2 ] 0 6 <10 1 0

48R 2 1 18-122 45448 Greenblk Claystone 0 0 0 - 0 0 0 1 ] 1 0 0 6 <10 0 0

M.A. = mineral association; Qtz = quartz; O-A = opal-A; O-CT = opal-CT; Dolo = dolomite; K = potassium feldspar; Plag = plagioclase; Kaol = kaolinite; Palyg = palygorskite; I/S = illite/smectite;
%1 = % illite layers in 1/S; Pyr = pyrite; Zeol = zeolite. Integers 0 through 6 indicate relative mineral abundance from peak areas: 0 = nondetectable; 1 = trace (<1 wt%); 6 = abundant (220 wt%).
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Table 2. Mineralogy of sediments recovered at Site 261.

Depth " Silica Carbonale Felds; Clay Minerals_<2pm
MA. Core Section _cm __(mbsf) Color Lithology Giz | O-A [O-CT| Calcite] Dolo]_Sid K-]-P% Mica [ Tiiite | Kaol [ Palyg] US | %I | Bar| Pyr | Zeol
2R 1 119 1089 Mottled, gray brown Siliceous clay 3 3 0] 1 o o2 2|03 2 o 3049 o[ 1|0
2R 2 80 118 Brown Siliceous clay a 3 o0 o o o1 1|13 2 o 7|0 |10
3R 1 125 4875 Mottled, brown gray Carbonate-silty clay 2 0o o] 1 1 ofo of|lafl2 5 o0 202 0|01
3R 4 94 5294 Gray brown Clay a 0o o o o 0|2 2|3|4 5 0 257l oo o
4R 2 116 9766 Gray brown Sitty clay 3 0o o] o 0 o0ol3 1]la3ala 5 0 302fo]ofo
5R 1 134 16294 | Mottled brown orange Silty clay a o o o o 1|2 22|38 1 a 0?2010
6R 1 77 17177 | Motlled brown orange Silty clay 3 0 0] 0 o 1|4 2|03 1 3 s4lof1]o0
6R 3 89 174.89 Brown Silty clay 5 0o of 1 o 1|2 2|03 1 23 sol1|1]o0
7R3 87 18437 Brown Sandy, silty clay 5 0o o o0 o o2 2|24 1 a3 4044 1| 0| 0
8R4 122 19572 Brown Zeolilic, sandy, sity clay 4 0 o] o 0o o3 2flo]a3a 1 a 44lo0fo0]) 4
SR 3 114 203.94 | Mottled brown orange |  Zeolitic, sandy, siy clay 2 0o 3] o o 1|3 4[1]3 o o w]o|o]|s
12R 2 38 22088 Gray green Barite-rich clay 3 0 3] 0 o 1|2 2|03 1 o <o 601
14R 1 20 2472 White gray Barile-rich clay 4 0 3| 1 1 o2 2]|3|3 o0 o <o 5|10
18R 1 118 267.18 Gray green Gypsum-rich, silty clay a o 3| o o o2 2|03 1 2 <0110
18R 1 136 286.36 | Motiled gray green black Sandy, silty clay 6 ] 3 0 1 0 1 1 0 2 1 0 <il0jo|joO0] O
1R 3 62 30762 | Motiled green gray black Sandy, silty clay 6 o 1 1 1 0 1 1 0 2 1 0 <0l ojJoO]| O
21R__ 2 104 33504 Gray Sandy, silty clay 6 0 o 1 0o _ol1 oflo]l1 o o 10]1]1]0
238 2 70 3632 Gray green Sandy, sity clay 6 0 0| 1 o oo o|lo|1 1 0o 202| o | oo
24R 2 110 3826 | Graygreen, laminated Sandy, silty clay 6 0o o| o o o1 ofo]|1 1 o0 23lofo]o
26A 2 52 42002 Gray laminated Sandy, silty clay 6 0o o| 0 o oo ofo|1 1 o0 2lof1]o0
27R 1 70 4377 Orange brown Sandy, sity clay 6 0 o] o o o1 1flo]1 1 0 30]1]1]0
28R 2 39 44839 | Mottled orange brown | Sandy,cabonatesityclay [ 4 o o 6 o o |1 1fof[1 1 o <tof 1] 1o
206R 2 130 4683 Pale red Sandy, silty clay 6 0o o| o o o]|o oflo|1 0o o0 <o)l 2]1|o
30R 1 126 485.76 Brown Barite-rich, sandy, silty clay 5 0 o 0 1] 1 1 0 1 2 1 0 <10| 6 1 0
31R 3 66 507.16 Red brown Barite-rich, sandy,sityclay | 4 © o | o o o |1 o|o |1 0 o 20|(6|1]o0
32R 2 17 52417 | Motiled red brown white| Sandy, carbonate-silty cla 5 0o o| 5 o of1 ojolz 1 o 25| 1]1]0

AIAD0T 'S "ONOMVNV.LVALAN "L ‘NOSNITIVIN 'd '"NOLIWOD [

M.A. = mineral association; Qtz = quartz; O-A = opal-A; O-CT = opal-CT; Dolo = dolomite; Sid = siderite; K = potassium feldspar; Plag = plagioclase; Kaol = kaolinite; Palyg = palygorskite; 1/S =
illite/smectite; %I = % illite layers in IS; Bar = barite; Zeol = zeolite. Integers 0 through 6 indicate relative mineral abundance from peak areas; 0 = nondetectable; 1 = trace (<1 wt%); 6 abundant
(220 wt%).



REGIONAL CORRELATION OF MINERALOGY AND DIAGENESIS

ODP SITE 766
DEPTH LITH. MINERAL XRD SAMPLE
(mbsf) AGE UNIT LITHOLOGY ASSOCIATION LOCATION
0 '
|_E. Pleistocene |—IA Nannofossilooze | i
L E. Pliocana I +
TP TIIIry 1
E. Eocene
= B Nannofossil II t
L. Paleocene ooze i
i 27
Maestrichtian
100 4 campanian| 1A Nannofossil ooze 1
| E_Campanian_| +
Sant.-Coniac. it
fsosian IIB | Zeolitic calcareous oozes and clays .
4 Cenomanian I
_______,___----"" +
lIC Chalk, i
Albian zeolitic and clayey I
+
200 _/ Nannofossil chalk, POk HEGEEHY
i IID | zeolitic and clayey in upper portion,
Aptian siliceous in lower 5
.i-
- +
Barremian Porcellaneous %
_____ A claystone v f
300 - +
+
POOR RECOVERY
+
| Clayey +
Hauterivian sandstone to siltstone +
with glauconite, quartz,
B bioclasts, and altered *
i volcaniclastics
v ¥
I — P _l— |
? latest
so0 | VaIaNginian Diabase sills

Figure 2. Correlation among sediment depth, age, lithology, mineral associations, and sample location of sediment from Site
766. Stippled area denotes transition between mineral associations.

Mineral Association III

Mineral Association III (204-335 mbsf) corresponds to the
upper portion of lithologic Subunit IIIB. Lithologic Subunit II1IB
consists of opal-CT radiolarian-rich claystone and is Aptian to
Cenomanian in age. The clay mineralogy is dominated by I/S that
contains <10% illite layers. Discrete illite is common, and kao-
linite was found in trace amounts. In places, the claystone con-

tains abundant zeolite minerals (mostly clinoptilolite) and barite
(Table 2).

Mineral Association I1

Mineral Association I (163-196 mbsf) corresponds to li-
thologic Subunit IIIA, which consists of quartz-sandy and silty
claystones and is Turonian to late Campanian in age. The clay
minerals include I/S, palygorskite, illite, and trace amounts of
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DSDP SITE 261
XRD
DEPTH LITH. MINERAL SAMPLE
(mbsf) AGE UNIT LITHOLOGY ASSOCIATION LOCATION
0 Quaternary [ Radiolarian and diatom-rich clay 5
; Nannofossiliferous,
E. Pliocene sandy, silty clay n
I I +
L. Miocene Sandy, silty clay
100 +
{3 No Recovery
Coniacian - L. Campanian - . +
" Turonian A Zeolitic, sandy, silty clay i | £3
200 I A A A S A $
Aptian - Cenomanian Barite-rich, calcareous, i
| silty clay
+
+
Apti e II1
300 ptian Radiolarian-rich claystone *
ne +
. /B
Radiolarian and quartz-sandy, Y 7
_ silty claystone ¥
400 — Barremian vV
+
Clayey, silty sandsione T i
Valanginian - Hauterivian Calcareous, silty claystone :
Valanginian V| Barite-rich silty claystone \Y .
500 Berriasian
Tithonian Sandy, silty calcareous claystone I
Basalt
600

Figure 3. Correlation among sediment depth, age, lithology, mineral associations, and sample location of sediment from Site
261. Stippled area denotes transition between mineral associations.

kaolinite. The I/S contains 30% to 54% illite layers. Trace
amounts of siderite were observed in the upper half of mineral
Association II, and zeolite minerals were found in the basal
sediments of mineral Association II.

Mineral Association I

Mineral Association I (0-98 mbsf) corresponds to lithologic
Units I and II, which consists of quartz-sand silty and siliceous
clays that are late Miocene to Quaternary in age. The clay minerals
consist of I/S, kaolinite, illite, and mica. The I/S contains approxi-
mately 20% to 40% illite layers. Kaolinite and mica are signifi-
cantly more abundant in mineral Association I. Trace amounts of
calcite occur as nannofossils in the Pliocene sediment, and bio-
genic silica (opal-A) occurs in the Quaternary sediment.

DIAGENETIC TRENDS

The generalized diagenetic sequence observed with increasing
burial depth in sediment recovered from the northwestern Austra-
lian margin is summarized in Figure 4. The uppermost Quater-

784

nary-to-Pliocene sediment contains diagenetic pyrite, but is domi-
nated by pelagic carbonate sediment that contains biogenic silica
(opal-A), volcanic glass, detrital I/S, kaolinite, mica, quartz, and
feldspar. Miocene sediment is absent or present in minor amounts
at most of the sites, except at Site 765, where the sediment
contains diagenetic palygorskite, sepiolite, and dolomite (Comp-
ton, this volume; Compton and Locker, this volume). Eocene-to-
Paleocene sediment contains highly smectitic 1/S, associated with
zeolite minerals that were probably derived from the alteration of
volcanic material.

Albian-to-Maestrichtian sediment contains palygorskite, asso-
ciated with I/S having 20% to 50% illite layers. The Upper
Cretaceous palygorskite generally occurs within the calcareous
ooze-to-chalk transformation. The transition to more calcareous-
rich, mid- to Upper Cretaceous sediment is preceded by an opal-
CT silica-rich interval at most sites. The underlying mid-Creta-
ceous (Albian to Aptian) opal-CT porcelaneous mudstone
contains smectitic I/S and clinoptilolite. The opal-A-to-opal-CT
transformation occurs immediately below the Upper Cretaceous



Generalized Diagenetic Sequence

- /////////

Quaternary
Pliocene

Miocene

Eocene
Paleocene

Late
Cretaceous

Albian
Aptian

Neocomian

Figure 4. Generalized diagenetic sequence that was observed for sedi-
ments on the western Australian continental margin.

palygorskite-bearing sediment. The underlying Neocomian sedi-
ment is generally coarser-grained (silty and sandy claystone) and
is also highly smectitic, but the opal-CT has been transformed to
diagenetic quartz. The diagenetic minerals pyrite, barite, dolo-
mite, and rhodochrosite also were commonly observed in trace to
minor amounts.

Clay Mineral Diagenesis

Origin of I/S. A detrital vs. diagenetic origin of the mixed-lay-
ered I/S is differentiated here on the basis of the percentage of
illite layers. I/S containing highly variable and abundant illite
layers is most likely detrital in origin because, for the most part,
these sediments have not been exposed to a sufficiently high
diagenetic grade (temperature) to produce the systematic increase
in illite layers predicted during the illitization reaction (e.g., Perry
and Hower, 1970; Hower et al., 1976; Eberl and Hower, 1976). It
is possible that the illitization reaction is occurring in the basal
sediments at Sites 765 and 261, where the percent illite layers
increase from <10% to 20% or 40% (Compton and Locker, this
volume). The temperature of these basal sediments is consider-
ably lower than the temperature observed for the illitization reac-
tion in Miocene sediment from the Gulf Coast region of the U.S.
(Hower et al., 1976) and the Miocene Monterey Formation in
California (Compton, in press). However, the illitization reaction
may have occurred at these lower temperatures over the much
longer time available to these Upper Jurassic/Lower Cretaceous
sediments. In contrast to detrital 1/S, I/S derived from the altera-
tion of volcanic ash is distinguished by its uniform, highly smec-
titic composition, with generally <10% illite layers. Alteration of
volcanic material to highly smectitic 1/S can occur in situ (e.g.,
bentonite layers or disseminated ash) or during weathering of
continental volcanic rocks. Several bentonite layers composed of
nearly 100% smectite clay minerals were identified from Sites
761, 765, and 766 (von Rad and Thurow, in press). Based on the
abundance of highly smectitic I/S, volcanism on the northwestern
Australian margin appears to have been most active in Early to
mid-Cretaceous time and possibly during Paleogene time.

Origin of Palygorskite. Palygorskite occurs in Upper Creta-
ceous sediments from Sites 259, 260, 261, 765, and 766. Palygor-
skite is also abundant in the Miocene sediment from Site 765 and
has been reported from Miocene sediment recovered at Site 260
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(Gascoyne Abyssal Plain; Cooks et al., 1974). Palygorskite was
not observed in upper Miocene sediment recovered at Site 261.
The Miocene palygorskite at Site 765 appears to be authigenic,
based on its fibrous growth within the sediment pore spaces and
on the depletion of pore-water Mg at sediment depths containing
abundant palygorskite (Compton and Locker, this volume). Upper
Cretaceous palygorskite at Sites 259, 260, 261, 765, and 766 is
associated with clayey calcareous sediment that contains signifi-
cant amounts of zeolite minerals. The I/S associated with the
palygorskite has been inferred as detrital, based on its highly
variable and large percentage of illite layers. Below, and in places
somewhat overlapping with the base of the palygorskite-bearing
sediment, opal-A transforms to opal-CT, and the zeolite abun-
dance increases. For example, at Site 766, the palygorskite occurs
in the transition from calcareous ooze to chalk and is underlain
by opal-CT rocks. Zeolite minerals occur in the lower half of
palygorskite-bearing mineral Association III and in the underly-
ing highly smectitic, opal-CT sediment of mineral Association IV
(Fig. 2). A similar sequence was observed in the far less calcare-
ous Upper Cretaceous sediment from Sites 261 and 765; palygor-
skite and detrital I/S occur above the sediment interval that con-
tains opal-CT and highly smectitic I/S.

Palygorskite is a Mg-rich aluminosilicate that can be either
detrital or authigenic (see review by Kastner, 1981). Palygorskite
has been most commonly observed in Upper Cretaceous deep-sea
sediments that are associated with silica-rich minerals, such as
opal-CT, zeolite, and smectite (Berger and von Rad, 1972; von
Rad and Rosch, 1972; von Rad et al., 1977). Textural evidence of
delicate, fibrous palygorskite growing on mineral surfaces in
association with other diagenetic, silica-rich minerals strongly
suggests an authigenic origin for much of the palygorskite ob-
served in marine sediment. Volcanic ash, biogenic silica, and
smectite have been suggested as possible precursors to palygor-
skite formation (Peterson et al., 1970; von Rad and Résch, 1972),
and palygorskite tends to be associated with slow sedimentation
rates and hiatuses (Couture, 1977). The concentration of palygor-
skite in Upper Cretaceous deep-sea sediment has been attributed
to the deposition of silica-rich sediment, slow sedimentation rates,
and increased volcanic activity (Kastner, 1981). A detrital origin
for marine palygorskite has been suggested for the west African
margin (Chamley and Millot, 1975) and the continental shelf of
the southeastern U.S. (Weaver and Beck, 1977). These authors
proposed that the palygorskite formed in nearshore alkaline lakes
and that the palygorskite was later reworked into marine deposits.

The palygorskite in Upper Cretaceous sediment from the
northwestern margin of Australia is generally associated with
zeolite minerals and biogenic silica (opal-A), but is not directly
associated with opal-CT or highly smectitic I/S. The palygorskite
occurs directly above the sediment interval that contains abundant
opal-CT, as well as zeolite and smectite minerals, and is overlain
by zeolitic, smectite-rich Paleocene sediment. This sequence was
observed at all of the sites studied, except Site 263 (Fig. 4). The
source of the silica that formed authigenic palygorskite may have
been from the solution of biogenic silica. Radiolarian tests are
barren to rare in palygorskite-bearing Upper Cretaceous sediment
at Sites 765 and 766, but pore-water silica ranges from 300 to 600
pm and from 200 to 800 pm in palygorskite sediment at Sites 765
and 766, respectively (Ludden, Gradstein, et al., 1990). The silica
concentration may be an important control on the silica-rich
mineral that precipitates. If the silica concentration is high, as in
sediment containing abundant biogenic silica or altered volcanic
ash, then opal-CT precipitation may remove silica and prevent
palygorskite precipitation. The lower silica concentration of less
siliceous sediments may result in pore waters being undersatu-
rated with opal-CT, but supersaturated with palygorskite. Mg was
probably derived from pore water and from diffusion of Mg ions
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from the overlying seawater. Slow sedimentation rates should
allow significant amounts of Mg to diffuse from the overlying
seawater. The removal of pore-water Mg during palygorskite
precipitation may have inhibited the opal-A-to-opal-CT transfor-
mation (Kastneretal., 1977) and may explain why opal-CT occurs
in sediment below the sediment interval that contains palygorskite
at all of the sites studied. In addition, Mg uptake during the
alteration of volcanic material to smectite may have removed
pore-water Mg and may explain why palygorskite is not directly
associated with highly smectitic I/S at these sites.

Silica Diagenesis

The recrystallization of biogenic silica (opal-A) to opal-CT
(nomenclature of Jones and Segnit, 1971) and then to quartz with
increasing burial depth, observed in many deep-sea sediments
(e.g., Kastner, 1981), also was observed at sites on the northwest-
ern margin of Australia. The uppermost Quaternary sediments at
these sites contain abundant, well-preserved, opal-A radiolarian
tests (Ludden, Gradstein, et al., 1990). Radiolarian tests com-
posed of opal-A, or recrystallized to opal-CT or quartz, are com-
mon throughout Cretaceous sediments, but biogenic silica is
largely absent from Tertiary sediments on the Australian margin.
At Site 766, the silica transformations correspond to zones of poor
recovery because of the presence of hard porcellanite and chert.
The abundance and mineralogy of radiolarian tests correlate well
with the pore-water silica concentrations (Compton and Locker,
this volume). The pore-water silica concentration decreases in the
sediment interval where opal-A transforms to opal-CT from about
800 uM to between 200 and 600 puM. Silica concentrations de-
crease to about 100 to 200 uM in the sediment interval where
opal-CT transforms to diagenetic quartz. Age of the sediment
appears to be equally or more important than temperature for
determining the timing of the silica transformations at these sites,
based on the relatively low present-day geothermal gradient of the
passive Australian continental margin (around 32°C/km) and the
shallow burial depths (<1 km). The sediment composition, par-
ticularly the clay mineral content, may have also affected the
timing of the silica transformations, as discussed above (Kastner
etal., 1977; von Rad et al., 1977). The generally abundant radio-
larian tests present in Lower to mid-Cretaceous sediments may
indicate high surface-water productivity that resulted from fluvial
nutrient influx or upwelling in the presumably narrow, restricted
basin of the incipient Indian Ocean. Radiolarian tests are particu-
larly abundant in sediment from Site 261. Barite (BaSO,) is
abundant in several samples from Sites 261 and 765 from sedi-
ment intervals rich in radiolarian tests, and high Ba contents were
found in bulk radiolarite samples from Site 765 (Plank and Lud-
den, this volume). Ba is commonly associated with siliceous,
clay-rich sediment that was deposited below regions of high
surface productivity (e.g., Schmitz, 1987). Seawater has abundant
sulfate, and although some of this sulfate may have been reduced
to sulfide (see below), apparently sufficient sulfate was available
to precipitate barite. The solution of biogenic silica is evident in
the commonly observed molds of radiolarian tests, particularly in
sediment that contains relatively small amounts of biogenic silica
(Dumoulin, this volume). The opal-A radiolarian tests apparently
dissolved before they were replaced by opal-CT or quartz (von
Rad et al., 1977).

Zeolite Formation

The most common zeolite mineral at the sites investigated is
clinoptilolite; no phillipsite was observed. Clinoptilolite is most
common in Upper Cretaceous deep-sea sediments (Kastner,
1981), where it typically occurs as discrete crystals associated
with radiolarian tests (Berger and von Rad, 1972). Zeolite miner-
als have also been documented to form from the alteration of

786

volcanic ash (e.g., Hay, 1963; Iijima, 1978). The association of
zeolite minerals with sediment that contains highly smectitic I/S
in Upper Cretaceous sediments from Sites 261, 765, and 766,
suggests that some of the clinoptilolite formed by alteration of
volcanic ash. Zeolite precipitation may also have been promoted
by high pore-water silica concentrations from the solution of
biogenic silica, as suggested by clinoptilolite molds of radiolarian
tests. Clinoptilolite has been more commonly observed associated
with partially dissolved siliceous fossils than with volcanic mate-
rial (Riech and von Rad, 1979). Zeolite minerals are more abun-
dant in calcareous sediment on the Australian margin than in the
underlying smectite- and radiolarian-rich Neocomian sediment,
which supports the observation that clinoptilolite precipitation
may be enhanced in carbonate-rich sediments (Stonecipher,
1976). Clinoptilolite is most abundant in the sediment interval
that corresponds to the opal-A-to-opal-CT transformation at Sites
261, 765, and 766.

Pyrite and Diagenetic Carbonate Formation

Pyrite is a common mineral in most of the Lower Cretaceous
sediments from the northwestern Australian margin (Heggie, this
volume). Organic matter degradation by sulfate-reducing bacteria
produces H,S, which can react with reduced iron to form pyrite
(Berner, 1970, 1984). Organic matter content is highest in rapidly
deposited Neocomian sediments. Organic matter is largely of
marine origin, but includes varying amounts of terrigenous or-
ganic matter (Heggie et al., this volume). Lower to mid-Creta-
ceous sediment from Site 766 has significantly more organic
carbon and pyrite than at Site 765. The modern, partially depleted,
pore-water sulfate concentrations and the presence of barite sug-
gest that sulfate reduction was moderate and sulfate concentra-
tions were not reduced to near-zero, as has been commonly
observed in more organic-rich marine sediments (Gieskes, 1981,
1983). Minor-to-trace amounts of dolomite, siderite, rhodo-
chrosite, and possibly ankerite were observed in Lower to mid-
Cretaceous sediments (e.g., Dumoulin, this volume), but signifi-
cant amounts of dolomite were found only in the Miocene
sediments at Site 765. The abundant Miocene dolomite at Site 765
appears to be authigenic and may have formed by the recrystalli-
zation of redeposited aragonite in sulfate-reducing pore waters
(Compton, this volume).

CORRELATION AMONG SITES

Correlation of Argo Abyssal Plain Sites 261 and 765

The basal sediments at Sites 261 and 765 are in contact with
oceanic basalt. The oldest sediment recovered at these two sites
is Late Jurassic in age, based on a detailed comparative study of
the sedimentology and nannofossil biostratigraphy of Sites 261
and 765 (Dumoulin and Bown, this volume). Mineral Association
V at Site 261 is similar to the lower portion of mineral Association
VI and to mineral Association VII at Site 765 (Fig. 5). Mineral
Association IV (Barremian) at Site 261 does not appear to corre-
late with the mineral association of Barremian age at Site 765
(lower half of mineral Association VI) because the I/S from Site
765 contains less than 10% illite layers, compared with the 20%
to 30% illite layers in I/S from Site 261. The difference in clay
mineralogy between the two sites may reflect different source
areas for the sediments, with Site 261 having a greater detrital clay
component. Mineral Association II1 at Site 261 corresponds to the
upper half of mineral Association VI at Site 765 and contains
abundant opal-CT and highly smectitic I/S. Mineral Association
IT at Site 261 corresponds to mineral Association V at Site 765
and contains palygorskite and I/S, with variable amounts of illite
layers. Mineral Associations IV, III, and part of II at Site 765 are
absent or greatly condensed in the interval of no recovery at Site
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261. Mineral Association I at Site 261 corresponds to the top of
mineral Association II and mineral Association I at Site 765 and
consists of detrital I/S and a marked increase in kaolinite. The
mineralogy, thickness, and age of sediments at Sites 261 and 765
are fairly similar throughout the Cretaceous (Fig. 5). The major
difference in the sedimentation history at Sites 261 and 765 occurs
in the Cenozoic, with Site 765 having a much greater thickness of
carbonate-rich sediment than Site 261. The thicker Cenozoic
sequence at Site 765 is largely the result of the site’s closer
proximity to a steeper continental rise and slope (Fig. 1). Site 765
is situated at the foot of the continental margin incised by the
Swan Canyon that funneled large amounts of reworked calcareous
sediment to the Argo Abyssal Plain. Rapid burial of these gravity
flows permitted thick sequences of calcareous sediment to accu-
mulate below the CCD. The source area for most of these calcar-
eous turbidites was the adjacent Exmouth Plateau. Although re-
deposited nannofossils do occur in the lower Pliocene at Site 261,
most of the carbonate turbidites at Site 765 did not extend to Site
261. The seismic profile between Sites 261 and 765 indicates that
seismic sequences 4, 5, and possibly 6 at Site 765 are absent at
Site 261, which agrees with the hiatus indicated in Figure 5
(Buffler, 1990). The cause of this hiatus at Site 261 is unknown,
but the hiatus roughly corresponds to the separation of Australia
and Antarctica, suggesting that it may have been produced by
changes in oceanic circulation, such as intensified bottom-water
currents, that resulted from more open-ocean conditions after
continental breakup.

Correlation Across the Exmouth Plateau: Sites 765, 761,
and 766

The Exmouth Plateau is thought to rest on continental base-
ment; Site 765 rests on oceanic basalt, and Site 766 (on the
western edge of the Exmouth Plateau) is thought to have a base-
ment that is intermediate between continental and oceanic (Lud-
den, Gradstein, et al., 1990). The Exmouth Plateau had a long
period of nondeposition from the Rhaetian to the Neocomian that
is thought to be a result of subaerial exposure and erosion (von
Rad et al., 1989). Neocomian sediment at Site 766 (mineral
Association IV) correlates with the lower half of mineral Asso-
ciation VI at Site 765, and with a thin deltaic sandstone unit on
the Wombat Plateau. The condensed Tithonian-Berriasian section
on the Exmouth Plateau consists of a transgressive belemnite
sandstone (von Rad and Thurow, in press). The rapidly deposited
Neocomian sediment at Site 766 is thought to be derived from
proximal continental source areas that prograded westward into
the juvenile Indian Ocean (von Rad et al., 1989). Biomarker and
pyrolysis geochemistry at Site 766 indicate that the organic matter
is primarily of marine origin, but has a terrigenous component that
derived from the nearby continental shelf (Heggie et al., this
volume). Basal sandy and silty Hauterivian claystone at Site 766
grades into overlying porcellaneous Barremian claystone. The I/S
is highly smectitic and was derived from the alteration of volcanic
material. The upper half of mineral Association VI (Aptian) at
Site 765 is composed of increasingly calcareous claystone and
appears to be absent at Site 766. The Albian to Late Cretaceous
mineral Association IIT at Site 766 correlates with the clayey
chalks at Site 761 and with mineral Association V at Site 765.
These sediments contain palygorskite and I/S having 20% to 50%
illite layers. The Paleocene-to-Eocene mineral Association II at
Site 766 correlates to the base of mineral Association IV at Site
765. These sediments are composed of highly smectitic I/S and
zeolite minerals. Much of the calcareous sediment at Site 765 was
redeposited from the Exmouth Plateau. Northward tilting of the
Wombat Plateau during the Jurassic to Early Cretaceous (von Rad
et al.,, 1989) and later formation or enlargement of the Swan
Canyon during the Paleogene (Ludden, Gradstein, et al., 1990)
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reflects increased accelerated gravity flows to the Argo Abyssal
Plain during the Cenozoic. The Eocene-to-Pliocene calcareous
turbidites of Site 765 are missing from Site 766. These sediments
may have bypassed Site 766 in their downslope transport as
suggested by the fairly thick Cenozoic carbonate sequence at Site
260 in the adjacent, more distal Gascoyne Abyssal Plain. The
Quaternary and Pliocene mineral associations at Site 766 correlate
with mineral Association 1 at Site 765. These predominantly
calcareous sediments contain biogenic silica and detrital I/S,
mica, and abundant kaolinite derived from the Australian conti-
nent.

Correlation of Sites 259, 260, and 263

The sediment sequences recovered at Sites 259 (Perth Abyssal
Plain) and 260 (Gascoyne Abyssal Plain) are similar in lithology
and mineralogy to sediment recovered at Sites 765 and 766. Both
Sites 259 and 260 have a basalt basement overlain by mid-Creta-
ceous sediment that suggests drifting was younger at these more
southern sites (Veevers, Heirtzler, et al., 1974). The sediment
sequence at Site 259 is thought to represent deep-water deposits
that correlate with shallow-water deposits from the onshore Perth
Basin (Veevers and Johnstone, 1974). Carbonate content is high
in the Albian, low in the condensed Upper Cretaceous sediment,
and high in the Cenozoic. The mid- to Upper Cretaceous sediment
at both sites contains palygorskite, zeolite minerals, 1/S, and
opal-CT. The sediment also contains abundant smectite, but the
percent of illite layers in the I/S was not reported (Cooks et al.,
1974). Middle Miocene sediment from Site 260 also contains
palygorskite and zeolite minerals that correlate with the much
thicker Miocene section at Site 765. Radiolarian tests and an
increased kaolinite content also have been reported from Quater-
nary sediments at these sites. Therefore, the mineralogy and
diagenetic sequence correlate well along the Australian margin,
based on the data available.

Site 263 in the Cuvier Abyssal Plain does not appear to corre-
late well with the other sites. An unusually thick Lower to mid-
Cretaceous sequence was recovered, but basement rock was not
reached at Site 263. The Lower to mid-Cretaceous sediment
contains abundant coarse-grained continental detritus, including
abundant kaolinite and mica. No opal-CT, palygorskite, or zeolite
minerals were observed in sediment from Site 263, and radiolarian
tests were rare or absent (Cooks et al., 1974). The sequence at Site
263 is proposed as a part of the Winning Group that extends
eastward onto the Australian continent. The sediment at Site 263
was probably deposited in a shallow marine environment that later
subsided to greater water depths (Veevers and Johnstone, 1974).
Therefore, Site 263 appears to have received mostly continental
detritus and only minor amounts of pelagic sediment. This may
explain why the mineralogy and diagenetic sequence observed at
all the other sites were not observed at Site 263.

Regional Correlation

The stratigraphy and mineralogy of sediments recovered from
DSDP Leg 27 and ODP Legs 122 and 123 are compared in Figure
5. In general, sediment from the northwestern margin of Australia
can be divided into three parts, based on its mineralogy, litho-
stratigraphy, and biostratigraphy: (1) a Lower Cretaceous (Neo-
comian) silty and sandy claystone that contains quartz-replaced
radiolarian tests and highly smectitic I/S, (2) a mixture of calcar-
eous and clayey siliceous mid- to Upper Cretaceous (Aptian to
Maestrichtian) sediment that consists of palygorskite and detrital
1/S having a large and variable percentage of illite layers, and (3)
Cenozoic sediment that is composed of mostly nannofossil chalk
and ooze, except at Site 261, where the Cenozoic section is mostly
clay. The three sediment intervals described above can be inter-
preted to document the juvenile-to-mature evolution of the Indian



Ocean, as discussed by Robinson et al. (1974), Veevers and
Johnstone (1974), and von Rad et al. (1989).

The early drifted basin that formed the incipient Indian Ocean
was probably a narrow basin having limited circulation and com-
munication with the open ocean. Neocomian sediments are absent
from the southern and western sites, suggesting that drifting
started in the northwest and migrated to the southwest (Veevers
and Heirtzler, 1974). Texturally immature, coarse-grained basal
sediments having an abundant volcaniclastic component at Sites
261,765, and 766 were probably derived locally from the Austra-
lian continental margin. The abundance of radiolarian tests sug-
gests high-productivity surface waters. Radiolarian tests are abun-
dant throughout the Cretaceous section but are rare-to-absent in
the Cenozoic sequence, except during Quaternary time. The pres-
ence of calcareous nannofossils, belemnites, calcispheres, and
mollusk shells suggests that these sites were initially above the
CCD (Ludden, Gradstein, et al., 1990). The volcanism anticipated
during the rift-to-drift transition is supported by the abundance of
highly smectitic I/S clay minerals that are interpreted as having
derived from the alteration of volcanic material. Bentonite layers
were identified in the Lower Cretaceous sediments at Sites 765
and 766 and on the Exmouth Plateau (von Rad and Thurow, in
press). It appears that illitization of smectite has occurred in the
basal sediments at Site 765 (Compton and Locker, this volume),
and illitization may explain the higher percentage of illite layers
(20% to 30%) observed in the basal sediments at Sites 261 and
766. Alternatively, the higher percentage of illite layers may
reflect a greater detrital I/S component of these sediments.

While the basin continued to widen as the continents drifted
apart, cooling of the oceanic lithosphere resulted in thermal sub-
sidence of the passive margin to water depths below the CCD and
in increased circulation and communication with the open ocean.
The overall mid- to Late Cretaceous sedimentation rates de-
creased, perhaps because of less continental detritus from lower
continental relief and less volcanism, as well as a rise in eustatic
sea level, making the sites increasingly distal and starved of
terrigenous sediment (Robinson et al., 1974; von Rad et al., 1989).
Sedimentation of biogenic silica decreased, and highly smectitic
1/S gave way to more detrital I/S during the Late Cretaceous.
Pelagic carbonate sedimentation dominated the Cenozoic, except
at sites below the CCD that did not receive abundant calcareous
turbidites, such as Site 261. Pelagic carbonate productivity may
have been enhanced in the Cenozoic because of the more open-
ocean conditions produced by the break-up of Australia and
Antarctica during the Paleocene and Eocene (Robinson et al.,
1974). The abundance of smectite (in places as bentonite layers)
and zeolite minerals at most sites in Paleocene and Eocene sedi-
ment suggests a renewed source of volcaniclastics.

The thickness of the Cenozoic section is highly variable, and
periods of nondeposition occur at many of the sites. For example,
the Neogene section at Site 765 is 10 times thicker than that at
Site 761, is completely absent at Site 766, and appears to be
largely absent at Site 261. However, Cenozoic sediment is poorly
represented in Leg 27 sites because of poor recovery and because
sites were specifically selected on topographic highs, where the
Cenozoic section was thin (Veevers, Heirtzler, et al., 1974). The
presence of shallow-water benthic foraminifers, graded bedding,
and hiatuses on the continental margin that correspond to rapidly
deposited abyssal carbonates indicate that much of the pelagic
carbonate originally deposited on the continental margin above
the CCD was redeposited by gravity flows to abyssal sites (Lud-
den, Gradstein, et al., 1990). Therefore, the thickness of the
Cenozoic section at abyssal sites depends largely on how near
these sites are to steep continental margins. Off-margin transport
largely occurred during lowstands of sea level (Dumoulin, this
volume),
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CONCLUSIONS

1. Sediment from the western Australian continental margin
records the progressive juvenile-to-mature evolution of a segment
of the Indian Ocean. The mineral associations defined at each site
are generally correlative among all of the sites studied over
distances of hundreds of kilometers. The mineralogy of basal
Neocomian sediment reflects the early stages of formation of the
Indian Ocean. Coarse-grained, immature terrigenous sediment,
dominated by volcaniclastics, was supplied from the adjacent
continental margins. The abundance of highly smectitic mixed-
layered illite/smectite was derived from the alteration of terrige-
nous volcanic material and from ash deposits associated with
active spreading. Abundant radiolarian tests that have been al-
tered to quartz and are associated with barite suggest that the
narrow incipient basin had highly productive surface waters as a
result of upwelling or fluvial nutrient influxes. Degradation of
marine and terrigenous organic matter resulted in the formation
of pyrite and of trace amounts of diagenetic carbonates (dolomite,
rhodochrosite, and siderite).

2. The transition from a juvenile to a mature ocean setting is
reflected in an increased abundance of pelagic carbonate sediment
during slow sedimentation from the mid- (Aptian/Albian) to Late
Cretaceous. Highly smectitic mid-Cretaceous sediment contains
abundant opal-CT and zeolite minerals, whereas the overlying
Upper Cretaceous sediment contains palygorskite and zeolite
minerals that occur only in places. Paleogene sediment is domi-
nated by highly smectitic I/S and contains abundant zeolite.

3. Pelagic carbonate sediment dominates the Neogene and
Quaternary, except at abyssal sites that did not receive abundant
calcareous turbidites. The noncarbonate fraction contains detrital
aluminosilicates (discrete illite, I/S, and kaolinite) that were de-
rived from the Australian continent and biogenic silica (opal-A),
but diagenetic sepiolite, palygorskite, and dolomite were only
observed in the Miocene sediments at Site 765.
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