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ABSTRACT

Biogeographic observations made by Leg 123 shipboard paleontologists for Lower Cretaceous nannofossils, forami-
nifers, radiolarians, belemnites, and inoceramids are combined in this chapter to evaluate the paleoceanographic history
of the northwestern Australian margin and adjacent basins. Each fossil group is characterized at specific intervals of
Cretaceous time and compared with data from Tethyan and Southern Hemisphere high-latitude localities. Special attention
is given to the biogeographic observations made for the Falkland Plateau (DSDP Legs 36 and 71) and the Weddell Sea
(ODP Leg 113). Both areas have yielded valuable Lower Cretaceous fossil records of the circumantarctic high latitudes.

In general, the Neocomian fossil record from DSDP and ODP sites off northwestern Australia has important southern
high-latitude affinities and weak Tethyan influence. The same is true for the pelagic lithofacies: radiolarian chert and/or
nannofossil limestone, dominant in the Tethyan Lower Cretaceous, are minor lithologies in the Exmouth-Argo sites.
These observations, together with the young age of the Argo crust and plate tectonic considerations, suggest that the Argo
Basin was not part of the Tethys Realm.

The biogeography of the Neocomian radiolarian and nannofossil assemblages suggests opening of a seaway during
the Berriasian that connected the circumantarctic area with the Argo Basin, which resulted in the influx of southern
high-latitude waters.

This conclusion constrains the initial fit and break-up history of Gondwana. Our results favor the loose fit of the
western Australian margin with southeast India by Ricou et al. (1990), which accounts for a deeper water connection with
the Weddell-Mozambique basins via drowned marginal plateaus as early as the Berriasian. In fits of the du Toit-type
(1937), India would remain attached to Antarctica, at least until the late Valanginian, making such a connection
impossible.

After the Barremian, increasing Tethyan influence is evident in all fossil groups, although southern high-latitude taxa
are still present. Biogeographic domains, such as the southern extension of Nannoconus and Ticinella suggest paleo-
latitudes of about 50°S for the Exmouth-Argo area. Alternatively, if paleolatitudes of about 35° are accepted, these
biogeographic limits were displaced northward at least 15° along Australia in comparison to the southern Atlantic. In this
case, the proto-circumantarctic current was deflected northward into an eastern boundary current off Australia and carried
circumantarctic cold water into the middle latitudes.

Late Aptian/early Albian time is characterized by mixing of Tethyan and southern faunal elements and a significant
gradient in Albian surface-water temperatures over 10° latitude along the Australian margin, as indicated by planktonic
foraminifers. Both phenomena may be indicative of convergence of temperate and antarctic waters near the Australian
margin. High fertility conditions, reflected by radiolarian cherts, are suggestive of coastal upwelling during that time.

INTRODUCTION

During Legs 122 and 123 of the Ocean Drilling Program,
scientists drilled two transects across the northwestern Australian
margin (Fig. 1) to explore a possible remnant of the northern
Gondwanan margin that faced the Jurassic Tethys Ocean.

Oxfordian (M26) oceanic crust, a relic of ancient ocean floor
older than any previously drilled in the Indian Ocean, was ex-
pected to underlie Upper Jurassic sediments at Site 765 in the
Argo Abyssal Plain. The Mesozoic sediment column was assumed
to resemble Tethyan sections exposed in the Alpine-Himalayan
mountain belt.
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Surprisingly, no dated Jurassic sediments were found; the
oldest sediment at Site 765 has been interpreted as Tithonian or
older, based on facies analogies with DSDP Site 261 (Dumoulin
and Bown, this volume), but may be as young as Berriasian.
Although radiometric basement ages of 155 m.y. (Ludden, this
volume) seem to confirm the inferred sediment age, this margin
is still younger than most Neotethys margins, known from the
Mediterranean region to Oman and the Himalayas.

Similarly, Cretaceous deep-water sedimentary facies and fos-
sil assemblages cored off northwestern Australia have only weak
comparisons with coeval typical Tethyan facies. The Lower Cre-
taceous sequences cored in the Argo Basin are dominated by
clay-rich sediments, whereas either nannofossils and/or radio-
larians constitute an important proportion of pelagic sediments in
typical Tethyan sequences. All recovered fossil groups have sig-
nificant differences in faunal composition, abundance, and/or
stratigraphic range with respect to Tethyan sequences. These
differences were noticed by the shipboard biostratigraphers and
are mentioned in several chapters in this volume. However, non-
Tethyan species are generally under-represented in the biostrati-
graphic chapters because most classical biozonations were estab-
lished in the Tethyan Realm and are based on typical Tethyan
species. We find revealing similarities between these non-Teth-
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Figure 1. Geography of northwestern Australia and surrounding ocean basins and location of Leg 122
and 123 sites and DSDP Leg 27 sites.

yan occurrences and reports from DSDP and ODP sites in south-
ern middle and high paleolatitudes.

The objectives of this chapter are (1) to summarize paleo-
biogeographic information obtained from biostratigraphic data,
(2) to compare it with other fossil records from the southern
middle and high paleolatitudes, and (3) to interpret our findings
in terms of paleoceanographic connections between the Southern
Ocean and the Exmouth-Argo Basin area during Early Cretaceous
time.

The paleoceanography of middle- to high-latitude waters has
been particularly sensitive to regional and global climatic
changes. We attempt to establish causal relationships among
interpretive paleoceanography, plate-tectonic configurations, and
fluctuations in global sea level during the Early Cretaceous.

BIOGEOGRAPHIC OBSERVATIONS OF EACH
FOSSIL GROUP

Calcareous Nannofossils

Introduction

Calcareous nannoplankton in today's oceans display distinc-
tive provinciality, which is broadly latitudinal and related to
temperature and nutrient characteristics of water masses (Mcln-
tyre and Be, 1967; Tappan, 1980). Provincialism in the fossil
record has been recognized in varying degrees (e.g., Haq and
Lohman, 1976 [early Cenozoic]; Pospichal and Wise, 1990 [Late
Cretaceous]; Crux, 1989; Mutterlose, 1989; Roth and Krumbach,
1986 [Early Cretaceous]; Cooper, 1989 [Late Jurassic]; and
Bown, 1987 [Early Jurassic]). However, much of the data are
geographically restricted, and causal factors are poorly under-
stood. In the Late Jurassic to Early Cretaceous interval, provin-
cialism has been well documented for the North Atlantic-
European region, where biogeographic differentiation occurred

between a northern mid-high-latitude Boreal Realm and a low-
latitude Tethyan Realm (e.g., Mutterlose, 1989; Crux, 1989).
More recently, DSDP/ODP sites from the southern oceans, the
Falkland Plateau, and the Weddell Sea (Fig. 2) provided data that
indicate the existence of a southern mid-high-latitude Austral
Realm. In the Lower Cretaceous, these data are limited to the
Valanginian and Aptian-Albian, but are far more complete for the
Upper Cretaceous (Wise, 1983; Pospichal and Wise, 1990; Mut-
terlose and Wise, 1990).

Nannofloral provincialism has been recognized primarily by
the occurrence of endemic species and dissimilar assemblage
compositions (e.g., shifts in species dominance). Nannofloral
distribution in the Upper Cretaceous broadly defines a low-lati-
tude subtropical-to-tropical belt flanked to the north and south by
the Boreal and Austral realms. Although much less data exist for
the Lower Cretaceous, a similar distribution was expected and has
been confirmed to some extent by species that may be endemic to
the Boreal or Tethyan realms. A number of species, suspected to
be endemic to the Boreal Realm by earlier scientists, display
distinctive bipolar distribution patterns (e.g., Crucibiscutum sαle-
brosum and Seribiscutumprimitivum, Mutterlose and Wise, 1990;
Mutterlose, this volume; Bown, this volume). The distribution of
these forms in the Southern Hemisphere may become a useful*
criterion for defining the Austral Realm.

Biogeographic Implications of Calcareous Nannofossils from
Sites 261 and 765 and 766

Upper Jurassic-Lower Cretaceous nannofossils show a rela-
tively distinct provincialism similar to that exhibited by macro-
faunas, such as ammonites, belemnites, brachiopods, and bi-
valves. Above the Barremian/Aptian boundary, however, a major
faunal/floral change can be observed that is accompanied by a
more cosmopolitan distribution. The nannofloras from Sites 261,
765, and 766 thus are described from appropriate time slices:
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Figure 2. Generalized paleogeography of the Southern Hemisphere, derived from Ricou
et al. (1990) and Ricou et al. (pers. comm., 1991), early Aptian, 118 m.y. ago (MO),
with the approximate position of DSDP and ODP sites discussed in the text. For further
details see Figure 5.

Kimmeridgian(?)-Tithonian, Berriasian-Barremian, and Aptian-
Albian.

Kimmeridgian(?)-Tithonian (Sites 261 and 765)

Only a poorly preserved nannoflora, of possible Tithonian age,
was observed from Site 765. The information that follows thus
was taken largely from Site 261, where moderately well-pre-
served Late Jurassic nannofloras occur at the base of the cored
section (Proto Decima, 1974; Dumoulin and Bown, this volume).

The Kimmeridgian(?)-Tithonian nannofloras are predomi-
nantly made up of cosmopolitan taxa (e.g., the dominant Watz-
naueria britannica, along with Stephanolithion bigotii, Cyclage-
losphaera margerelii, and Zeugrhabdotus embergeri). Affinities
with the Tethyan Realm are suggested by the occurrence of
Conusphaera mexicana minor (rare) and Watznaueria manivitae;
neither species is known from either the Boreal or the Austral
realms at this time. The absence of taxa having bipolar distribu-
tion for this interval prevents any positive argument in favor of
austral, high-latitude affinities. However, apart from the two
species listed above, the assemblages lack many of the most
characteristic Tethyan taxa, particularly Nannoconus and Conu-
sphaera mexicana. Consequently, by negative implication, these
assemblages are not truly Tethyan. The dominance of W. manivi-
tae and the presence of Cyclagelosphaera argoensis and Zeu-
grhabdotus cooperi appear to be unique to these sites.

Berriasian-Barremian (Sites 261, 765, and 766)

Nannofloras for this interval from Sites 261, 765, and 766 are
composed predominantly of cosmopolitan taxa (e.g., Watznaueria
barnesae, W.fossacincta, Lithraphidites carniolensis, Microstau-
rus chiastius, and Manivitella pemmatoidea). However, a number
of significant occurrences and omissions indicate that these as-
semblages combine Boreal/Austral higher-latitude affinities with
some Tethyan influences.

The most positive proof of high-latitude affinities is given by
the common and consistent occurrence since the Berriasian
(above Event 1, Fig. 3) of Crucibiscutum salebrosum, which is
not found in the Tethyan Realm. The occurrence in the Southern
Hemisphere of this species, from Falkland Plateau and Weddell
Sea sites (Wise, 1983; Mutterlose and Wise, 1990), is confirmed
here and further demonstrates its striking bipolar distribution.

Additional evidence for higher-latitude affinities includes the
absence of a number of characteristic Tethyan taxa, in particular,
the Nannoconus group. In addition, the species Rhagodiscus
asper, which is a common component of Tethyan assemblages,
was observed only rarely. Although these features suggest higher-
latitude affinities, the assemblages lack species that are typical for
the Boreal Realm, for instance, Micrantholihtus speetonensis,
Kokia spp., Nannoconus borealis, and Corollithion silvaradion.
At present, a bipolar distribution of these taxa cannot be estab-
lished.

Evidence for Tethyan influence in these nannofloras is
provided by occurrences of Cruciellipsis cuvillieri, Tubodiscus
verenae, and Speetonia colligata. However, these species also are
rare and inconsistent in the Boreal Realm, where their presence is
thought to indicate temperature increases related to climatic
change or Tethyan/Boreal influxes of water masses (Crux, 1989;
Mutterlose, 1989). These taxa are virtually absent at other south-
ern ocean sites (one specimen of C. cuvillieri was reported from
Site 692, Weddell Sea).

The occurrence of Vagalapilla matalosa in the Valanginian to
Hauterivian is unique to Sites 261,765, and 766. This species has
been recorded previously only from the late Barremian (e.g.,
Crux, 1989).

Aptian-Albian (Sites 765 and 766)

Generally, nannofloras from this interval tend to display a far
greater degree of geographic homogeneity (Mutterlose, in press).
The assemblages from Sites 765 and 766 are composed of cos-
mopolitan species, many of which have stratigraphic ranges that
include the Neocomian, together with the first appearances of
many species, for instance, Chiastozygus litterarius, Flabellites
biforaminis, and Eprolithus apertior. However, the assemblages
of these sites also display a number of taxa that indicate the
continuation of biogeographic differentiation. Most importantly,
Nannoconus is either absent or extremely rare, although this
group is common in the Tethys and also can be found in the North
Sea (Boreal Realm). In the southern ocean sites, Nannoconus
generally is absent, but has been recorded in the upper Aptian of
Site 511 (Falkland Plateau, Fig. 2), where it is thought to reflect
a brief increase in water temperature. The presence of Seribi-
scutum primitivum also indicates continued differentiation. A
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Figure 3. Lower Cretaceous cores, age, lithology, and generalized abundances of the principal fossil groups recovered at Site 765 and
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high-latitude bipolar distribution has been discovered for this
species by Roth and Krumbach (1986) and Mutterlose and Wise
(1990).

Discussion

The principal factors governing the distribution of calcareous
nannoplankton are temperature, nutrient availability, and water
depth. The degree to which each of these factors controlled
distributions during the Mesozoic is still uncertain. However, a
number of the distribution patterns described above, particularly
bipolar distribution and the absence of certain Tethyan taxa, are
best explained by temperature control. The biogeographic differ-
ences recorded from the Argo sites and other southern ocean sites
may reflect latitudinal changes in temperature and/or the effects
of ocean currents.

The striking bipolar distribution of Crucibiscutum salebrosum
and Seribiscutum primitivum suggests that these species were
restricted to mid- to high-latitude, cool surface waters. The dis-
tribution of C. salebrosum was restricted to 40° to 50°N and 35°
to 55°S, while S. primitivum was restricted to 40° to 50°N and 35°
to 60°S (Mutterlose, this volume). Their presence at Sites 261,
765, and 766 may be an indication of the cold-water tolerances of
these assemblages. They are more akin to the assemblages of the
northern Boreal Realm and suggest the existence of a Southern
Hemisphere equivalent, that is, the Austral Realm.

The distribution of Tethyan Nannoconus species can be simi-
larly explained by temperature control (Mutterlose, 1989; Du-
moulin and Bown, this volume). These nannoplankton are re-
stricted to warm surface waters, and their virtual absence at the
Argo and other southern ocean sites substantiates the existence of
a southern mid- to high-latitude Austral Realm (Dumoulin and
Bown, this volume). The rarity of Rhagodiscus asper also is
thought to reflect cold surface-water temperatures (Erba, 1987).

Although the evidence stated above suggests that the Argo area
was "Austral" in nature, evidence also exists of at least some
Tethyan influence, as shown by the presence of T. verenae, C.
cuvillieri, andS. colligata. However, these species may have been
more tolerant of cold, because they also extend northward into the
Boreal area. This mixing of nannofloral types suggests that the
Argo area was transitional between the Tethyan and Austral
realms and allowed for the coexistence of certain taxa from both
areas, perhaps at the limit of their ecological tolerance. Certain
Tethyan nannoplankton, such as Nannoconus, may have been
thermophylic and unable to survive at middle latitudes, whereas
more cool-tolerant species, such as those listed above, were able
to coexist with typically temperate forms, such as C. salebrosum.
In addition to the species that display bipolar distribution, the
Austral Realm also may have included species that were confined
to the Southern Hemisphere. Similarly, some Boreal taxa were
confined to the Northern Hemisphere. The best example of a
probable endemic Austral Realm species for the Neocomian in-
terval is Vagalapilla matalosa.

Radiolarians

Introduction

Studies of Holocene and Neogene radiolarians recovered from
oceanic surface sediments have demonstrated the existence of
radiolarian provinces in all oceans (Petrushevskaya, 1971a,
1971b; Caulet, 1974; Renz, 1976; Kling, 1976; Labracherie and
Moyes, 1978; Casey et al., 1979a, 1979b, 1979c; Goll and Bjork-
lund, 1972, 1974; Sancetta, 1978; Johnson and Nigrini, 1980).
Radiolarian faunal provinces closely reflect surface oceanic cur-
rent systems and water masses, which are broadly controlled by
latitude, climate, and ocean geometry. These various bioprov-

inces are characterized by distinct changes in abundance or by the
presence or absence of certain radiolarian species or species
groups. In addition, many provinces are characterized by the
presence of endemic species, especially in the high latitudes and
in restricted areas. Bipolar distribution of certain radiolarian taxa
is well established for the Neogene and Holocene (Nigrini, 1967).

Pessagno and Blome (1986) defined criteria for determining
the paleolatitude of Jurassic radiolarian assemblages. They sug-
gested that abundance and diversity of pantanellids and of "Ris-
tola"-type nassellarians are highest in the Tethyan (read: low
latitude) Realm and decrease toward northern paleolatitudes.
High abundance of "Parvicingula"-type nassellarians charac-
terized the "northern Tethyan" faunal realm, whereas the total
absence of pantanellids and "Ristola"-type taxa characterized the
Boreal (read: northern middle to high latitude) Realm. Plots of
abundance and latitude (Pessagno and Blome, 1986, fig. 7.2)
suggest that even numerical paleolatitude values can be derived
from radiolarian abundances.

Although increasing evidence (Baumgartner, this volume) ex-
ists to support the fundamentals of the latitudinal trends of Pessa-
gno and Blome (1986), their detailed paleolatitudinal interpreta-
tion must be treated with great caution for the following reasons.
First, their biogeographic analysis was based exclusively on Ju-
rassic radiolarian assemblages recovered from localities in west-
ern North America and Mexico that are located in more or less
displaced terranes. No reference sections from the European
Tethys or from localities having paleolatitudes known from pa-
leomagnetic studies were included in their analysis. Second,
Holocene and Neogene radiolarian thanatocenoses also closely
match the oceanographic "anomalies" created by warm currents
flowing toward higher latitudes on western ocean margins (e.g.,
Gulf, Kuroshio, Agulhas currents) and by cold waters flowing
toward the equator on eastern ocean margins (Benguela, Califor-
nia, Peru, Western Australian currents). In the areas influenced
by these currents, radiolarian thanatocenoses show significant
deviations from the "normal" open-ocean latitudinal distribution
that are caused by the latitudinal expatriation of radiolarian popu-
lations by the surface currents (Casey, 1971; Casey et al., 1979b).
Third, the depth distribution of radiolarians in tropical waters has
similarities to the latitudinal distributions, in that certain cold-
water species found in high-latitude surface waters can exist in
the cold intermediate and deep waters of the equatorial zone. In
upwelling areas, deep (cold) water taxa are brought to the surface,
where they experience mass mortality (Casey, 1971). Thus, tha-
natocenoses of low-latitude upwelling areas may contain assem-
blage components of middle- or high-latitude bioprovinces.

The strengths and exact paths of the eastern and western
boundary currents and associated upwelling systems are particu-
larly sensitive to changes in climate, both short-term (seasonal,
El Nino) and longer-term (Milankovich, ice ages vs. ice-free
times). Radiolarian assemblages from upwelling zones have
proved be useful tracers of such climate changes (Labracherie,
1980; Casey et al., 1989). These considerations limit the degree
to which paleolatitudes can be inferred from ancient radiolarian
assemblages, but they may be useful for our assessment of the
origin of the Lower Cretaceous radiolarians recovered during Leg
123.

Biogeography of Early Cretaceous Radiolarians from Sites 261,
765, and 766

Abundant and well-preserved Early Cretaceous radiolarians
recovered at Sites 765 and 766 are characterized by the paucity
or almost complete absence of Tethyan taxa in parts of the cored
sections. The Berriasian-early Aptian radiolarian record recov-
ered at Site 765 is unique in its density of well-preserved assem-
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blages and in its faunal contents (see Baumgartner, this volume).
Radiolarian assemblages preserved in claystones of Site 765 and
assemblages that have been reexamined from DSDP Site 261
contrast markedly with the faunas recovered from radiolarian
sand layers restricted to Site 765. Comparisons among these sites,
as well as sedimentological observations, lead one to conclude
that this faunal contrast results from a difference in provenance,
rather than from hydraulic sorting.

Clay Faunas

Very low-diversity radiolarian assemblages are present in the
prevailing claystones at Sites 261 and 765. Dominant radiolarian
groups include cryptocephalic and cryptothoracic nassellarians of
the genera Holocryptocanium and Cryptamphorella and Arch-
eodictyomitra brouweri s.l. The remainder of the assemblages is
composed of Tricolocapsa spp., Sethocapsa spp., and other small
nassellarians. This faunal composition is similar to that of Site
261, Cores 30 to 23 (Renz, 1974, Table 5). The observed species
are known from Tethys, Atlantic, Pacific, and Roti (Timor), where
they occur in much lower abundances as components of much
more diverse assemblages. Apparently, these species are not pre-
sent in southern high latitudes (Ling and Lazarus, 1990). Such
typical Tethyan species as Pantanellium spp. or Acanthocircus
spp. are totally absent. Most of the non-Tethyan species that
dominate the sand faunas also are absent.

Similar radiolarian faunas have been reported at two other
localities. The MH-7 assemblage of Murchey (1984) from the
Marin Headlands Terrane (northern California) is dominated by
Holocryptocanium spp. Although this late Albian-early Cenoma-
nian assemblage is definitely younger than the clay faunas con-
sidered here, the faunal character may have a common origin. The
Marin Headlands exposures are considered to have been deposited
under open-ocean conditions. During much of the Jurassic and
Early Cretaceous, the Marin Headlands Terrane occupied a low-
latitude position, as documented by Tethyan radiolarian assem-
blages (Murchey, 1984; Murchey and Jones, 1984). By the late
Albian, this terrane may have reached slightly higher latitudes,
where low-fertility central water masses may have been charac-
terized by the Holocryptocanium Assemblage.

Three samples from the Le May Group, Alexander Island,
Antarctic Peninsula, have been reported to contain abundant cryp-
tocephalic nassellarians, along with some pantanellids, Arche-
odictyomitra apiara and Acanthocircus dicranacanthos, which
indicate both a "Tethyan" influence and a Neocomian age (Holds-
worth and Nell, in press). According to the authors, model predic-
tions suggest an origin at about 39°S for these assemblages, a
value similar to the 35° to 39°S paleolatitude determined for the
Argo Basin (Ogg et al., this volume). The authors surmised a
low-fertility central water-mass province from this fauna.

In view of these comparisons, the clay faunas have been
interpreted as an autochthonous, oceanic association, in contrast
to the sand faunas, which are clearly current transported and may
have come from outside the studied area (see below). The clay
fauna species are inferred to have been ecologically tolerant or
opportunistic, and they may represent an impoverished subtropi-
cal fauna. In contrast with the two other reports of Holocrypto-
canium assemblages, Tethyan elements are totally absent. The
number of taxa in the clay faunas is about 10 to 20 times less than
typical Tethyan assemblages (e.g., localities in Oman, Umbria;
according to Jud and Baumgartner, unpubl. data) and two to three
times less than the coeval sand faunas. Similar low diversities
have been reported from the Kimmeridge Clay of the North Sea
(Dyer and Copestake, 1989). Modern radiolarian faunas of such
low diversity have been reported only from fjords (Aarseth et al.,
1975) and may indicate special oceanic conditions, such as iso-
lated basins.

Sand Faunas

Distinctive radiolarite intervals were deposited during the Ber-
riasian to Barremian at Site 765. However, these sediments
constitute less than 5% of the thickness of the total sequence.
Sedimentary structures clearly indicate redeposition and concen-
tration of radiolarians by hydrodynamic processes (e.g., winnow-
ing bottom currents, contour currents, or for some of the layers,
low-density turbidity currents). The Site 765 radiolarites repre-
sent far less sediment volume than Tethyan Mesozoic ribbon
radiolarites, which are 10s to 100s of meters thick. In the 80-m-
thick interval between Cores 123-765C-58R and -51R, a maxi-
mum of 3.5 m of radiolarite having silica concentrations as high
as 85% to 100% was measured.

Radiolarian abundance is high, and although diversity is two
to three times higher than for the clay faunas, it is still 5 to 10
times less than for Tethyan assemblages. Species typical of the
clay faunas, for instance, cryptocephalic nassellarians and Ar-
chaeodictyomitra spp., are ubiquitous members of the sand as-
semblages and usually have relative abundances of 10% up to
40%. Non-Tethyan species assigned to the genera {Cyrtocapsa,
Eusyringium, and Parvicingula; see Baumgartner, this volume)
dominate the sand faunas. A series of well-defined acmes of these
species give each core a characteristic radiolarian assemblage.
Some of these acmes also were observed at Site 766 (Fig. 4).
Tethyan species are generally rare and almost absent in the early
Valanginian to late Hauterivian interval (between events 2 and 3,
Figs. 3 and 4). Tethyan species gradually increase in abundance
and diversity during the late Barremian-early Aptian.

Discussion

None of the non-Tethyan species recovered from the sand
faunas are known from other localities. Similar species of Par-
vicingula and Ristola have been reported from New Zealand
(Spörli and Aita, 1988; Spörli et al., 1989). Similar (but not
identical) Parvicingula species also have been reported in the
Middle Jurassic of the Blue Mountains, Oregon (Pessagno and
Whalen, 1982) and in other Boreal localities of the Soviet Union
(Vishnevskaya, 1988). "Parvicingula"-type forms dominate
largely over those of "Ristola'''-type in the sand faunas (for a
discussion of the systematic usage of these groups see Pessagno,
1977; Baumgartner, 1984; and Baumgartner, this volume). Pan-
tanelliids are absent from claystone assemblages and are rare in
sand assemblages.

Hence, the sand faunas have at least some similarities to
northern high-latitude radiolarians. The origin of these faunas in
southern high latitudes is reasonable, if bipolar zoogeographic
distribution of radiolarian faunas, such as those of the Neogene
and today (e.g., Nigrini, 1967), also existed in the Cretaceous.

However, the non-Tethyan species tentatively included with
the normal Cyrtocapsa, Eusyringium, Pseudoeucyrtis, Praecono-
caryomma, and parvicingulids gen. et sp. indet. (Baumgartner,
this volume) are unknown (also from the Boreal Realm) and
should be assigned to new genera. Large relative abundances and
rapid evolution of these species are documented in the sand
faunas. Both features have no parallel in known Mesozoic radio-
larian assemblages and are difficult to interpret. Few Early Cre-
taceous southern middle- to high-latitude radiolarians are known:
an Aptian/Albian fauna recently reported by Ling and Lazarus
(1990) from the Weddell Sea (Hole 693B), poorly preserved
faunas from New Zealand (Spörli and Aita, 1988; Spörli et al.,
1989), and well-preserved radiolarian faunas from the Windalia
Radiolarite (Carnarvon Basin, West Australia, Ellis, 1978; Ellis
et al., 1991). None of these faunas represents an equivalent of the
Neocomian sand faunas at Site 765. However, the Aptian/Albian
assemblages of the Argo Basin have many species in common
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Lithostratigraphy
Displaced FossilsAutochthonous

Pelagic Fossils
Cluster
Analysis

50%

late Albian
to Cenomanian Chalk,
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zeolitic and clayey

Nannofossil Chalk
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RAD. "SAND"
ASSEMBLAGES
LIKE 765-47-52

Sandstone to
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Figure 4. Lower Cretaceous cores, age, lithology, and generalized abundances of the principal fossil groups recovered at Site 766 and paleoceanographic
interpretation. The column "Cluster Analysis" (taken from Ludden, Gradstein, et al., 1990, Chapter 5, back-pocket chart) shows lithologic variation
vs. depth following smear slide data (see text). The principal paleoceanographic events are marked with the numbers 1 through 6 in Figures 3 through
6. "Ml 1" and "M0" mark the inferred or observed level of these magnetic anomalies and refer to the plate-tectonic reconstructions given in Figure 5.
For comments about Events 1 through 6, see text. Events 4 and 5 fall together because of low sedimentation rates, and the onset of both abundant
planktonic foraminifers and radiolarians occurs earlier at this site than in the Argo Basin.
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with the coeval faunas cited from the Windalia Radiolarite and
the Weddell Sea. Future work will be necessary to demonstrate
the origin of the lineages observed in these sand faunas. These
taxa are probably endemic to the southern high latitudes and may
become important for defining the Austral radiolarian province.

The sedimentology of the radiolarite layers and the essential
absence of these layers at the more distal Site 261 clearly indicate
that the non-Tethyan radiolarians in the sand faunas were depos-
ited near the Australian margin. These radiolarians are not indige-
nous to the Argo Basin; otherwise, they would also occur at the
more distal Site 261. The origin and evolution of endemic radio-
larians such as those observed in the sand faunas can only take
place in large, well-defined oceanic water masses (Casey, 1971).
Such an ocean may have existed around part of Antarctica, if one
assumes an initial fit of Gondwana as proposed by Ricou et al.
(1990), and a Late Jurassic to Early Cretaceous break-up of
Gondwana, as shown in Figure 5. A proto-circumantarctic current
system may also have existed. When the rift zone between India
and western Australia subsided and reached oceanic depths, the
proto-circumantarctic current system entered the seaway and
transported circumantarctic radiolarian species into the Argo
Basin (Fig. 5B). This hypothetical cold-water current entered the
Argo Basin via the Exmouth Plateau and contoured the northwest-
ern Australian continental slope. Upwelling, triggered by the
current itself and/or by offshore winds, brought the cold-water
taxa in contact with temperate surface waters, where they died and
accumulated along the margin, in a manner similar to that de-
scribed by Casey (1971) for the modern ocean. This radiolarian
skeletal material became concentrated by the same contour cur-
rent. Fluctuations in cold-water transport through the Indo-Aus-
tralian Straits created fluctuations in radiolarian influx and con-
comitant bottom-current activity. These factors induced the
foundations of the conspicuous radiolarite layers of Site 765.

In an alternative hypothesis, the non-Tethyan new genera and
species may have had a bipolar zoogeography. The radiolarian
lineages recorded in the sand faunas may have originated in the
Boreal Realm and migrated across the Tethyan Realm as deep-
water species. Their abundant occurrence along the northwestern
Australian margin might then be explained by upwelling of deep,
cool waters and local blooms in southern middle- to high-latitude
high fertility conditions.

However, several observations contradict such a hypothesis:

1. The above-mentioned non-Tethyan, new genera have nei-
ther been observed in the Boreal Realm, nor in deep-water sam-
ples from the much better-known Tethyan Realm (Central Atlan-
tic, Oceanic Tethys, Japan, Central and Eastern Pacific, Tethyan
western North and Central America). No evidence exists for a
bipolar zoogeography of these genera, in contrast to the new
species of the genera Parvicingula and Ristola, discussed above,
that may have Boreal relatives.

2. The absence of these new genera at Site 261 in the Central
Argo Basin is most likely primary, because radiolarian sands are
extremely rare in the Late Jurassic-Barremian interval at this site,
and no species belonging to these new genera have been observed
in the clay samples.

3. The only other radiolarian faunas that contain taxa compa-
rable to the species seen in the younger sand faunas are the
Aptian/Albian radiolarian fauna from the Weddell Sea (Hole
693B, Ling and Lazarus, 1990) and the assemblages of the Ap-
tian/Albian Windalia Radiolarite on the western Australian con-
tinental shelf (Ellis, 1987).

In conclusion, these genera seem to be truly endemic to the
Southern Hemisphere. They must have originated in a sufficiently
large water mass. The preferred hypothesis in this chapter is an

early connection between the circumantarctic basin and the Argo
area, allowing for the influx of southern high-latitude waters that
transported these endemic species.

Benthic Foraminifers

Site 765 (Late Jurassic to Neocomian)

The diversity of benthic foraminifers in Site 765 is highest in
the Tithonian to Hauterivian section and declines steadily up the
section. In general, red claystones contain diverse agglutinated
assemblages; calcareous benthic foraminifers are rare and are
restricted to calcareous turbidites. The Argo Abyssal Plain assem-
blages display a higher diversity of agglutinated taxa; the strati-
graphic ranges of many of these taxa can be seen to differ consid-
erably, compared with deep-water assemblages from Atlantic
DSDP sites and from Poland.

The succession of benthic foraminiferal assemblages in Cores
123-765C-42R to -62R can be subdivided into five assemblages,
based on species diversity and stratigraphic occurrence of charac-
teristic taxa (Kaminski et al., this volume). Diversities of up to 30
species were recorded for the Tithonian to Hauterivian interval.
The deep-water agglutinated foraminifers (DWAF) in these clay-
stones include several taxa that have not been reported previously
from abyssal sediments of this age, such as Ammolagena clavata,
Reophax duplex, Trochammina abrupta, and Hormosina excelsa.
These species are typical of Upper Cretaceous DWAF assem-
blages, and their occurrence at Site 765 indicates that they have a
longer geologic record than previously assumed.

From Cores 123-765C-56R to -55R, DWAF diversity declines
markedly, to about 10 species, and the nature of the assemblages
changes from "flysch-type" to assemblages dominated by Rhi-
zammina and ammodiscids (Ammodiscus, Glomospira, and Glo-
mospirella). These assemblages correspond to the "Biofacies B"
Assemblage of Kuhnt et al. (1989) and Kuhnt and Kaminski
(1989). This type of agglutinated assemblage contains many long-
ranging forms and is a recurring feature of Cretaceous and Paleo-
gene DWAF assemblages. Its occurrence is often associated with
biosiliceous, radiolarian-rich sediments. At Site 765, the turnover
from "flysch-type" DWAF to "Biofacies-B" DWAF occurs within
lithologic Unit 6, which comprises carbonate turbidites, clay-
stones, and radiolarian sands. The faunal change does not corre-
spond to any distinct lithologic change, as radiolarian-rich layers
are present throughout the interval from Cores 123-765C-60R to
-34C. Kaminski et al. (this volume) attribute this faunal change
to increased biosiliceous productivity. Alternatively, this turn-
over may have resulted from lowered and/or depleted ocean-floor
oxygen levels, which are indicated by increasing TOC values
(Heggie et al., this volume) and a greater frequency of green
sediments (Cores 123-765C-52R to -42R) that dominate above
Core 123-765C-42R. This explanation is supported by the consis-
tent occurrence of "Biofacies B" assemblages elsewhere in sedi-
ments indicative of oxygen-depleted bottom waters, for example,
DSDP Hole 641A (Cenomanian/Turonian boundary); and DSDP
Hole 603B (lower Turanian, lower Campanian) (Kuhnt et al.,
1989).

Benthic foraminiferal assemblages from the Uppermost Juras-
sic to Lowermost Cretaceous sediments recovered at Site 261 are
directly comparable to assemblages from Site 765. However,
many of these benthic foraminifers have extended lower ranges
(Tithonian) and truncated upper ranges (upper Berriasian or lower
Valanginian). The faunal change from "flysch-type" DWAF to
"Biofacies-B" DWAF also is recorded at Site 261, but appears to
take place at a slightly earlier level, in the early Valanginian. The
diachroneity of the onset of "Biofacies B" may be related to local
sedimentary environments, such as the depth of the site in relation
to the calcite compensation depth (CCD) and/or the influx of
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biosiliceous sediments. In addition, the apparent difference may
be exaggerated by problematical biostratigraphic constraints in
the lower interval of both Sites 765 and 261.

Benthic foraminifers from the Argo sites do not compare
favorably with DSDP sites from the North Atlantic (e.g., Site 534,
Gradstein, 1983). Most ofthe"flysch-type" agglutinated elements
are missing at Site 534, and common species (about 20 taxa) are
restricted to ubiquitous cosmopolitan species such as Rhizammina
spp., Glomospira spp., Glomospirella irregularis, Ammodiscus
cretaceus, and so forth. A number of species from the North
Atlantic have ranges in the Tithonian to Berriasian, but extend
into younger stratigraphic horizons at Site 765 (e.g., Hippocre-
pina depressa, Bulbobaculites inconstans, Psuedoreophax, and
Verneuilinoides neocomiensis). This pattern of truncated upper
ranges in the North Atlantic can be attributed to differences in the
sedimentary environments of the two ocean basins. In Site 534,
this increasing carbonate and biosiliceous sedimentation results
in rare and sporadic distribution of DWAF. In both the Atlantic
and Indian oceans, the post-Hauterivian DWAF record is poor.

Bathyal DWAF assemblages from the northern margin of the
Tethys are preserved in the flysch sequences of the Carpathians
from Poland and Rumania. Many of the cosmopolitan species
from Site 765 were first described from the Lower Cretaceous
flysch deposits of the Polish Carpathians. In nearly all cases, the
stratigraphic ranges of species at Site 765 overlap with their
reported ranges in the Carpathians. In the case of Trochammina
abrupta and Ammobaculoides, however, they are present during
the Tithonian to Valanginian at Site 765, but did not appear in the
Carpathian troughs until later. This pattern may result from dif-
ferences in paleobathymetry (bathyal vs. abyssal), or may imply
the presence of a selective faunal barrier between the northern and
southern margin of the Tethys.

Site 766 (Aptian to Albian)

The Aptian-Albian benthic foraminifer assemblages from Site
766 belong to the Marssonella Association and are similar to
those recorded elsewhere along the Australian continental margin
(Haig, this volume). They differ from assemblages of the Ammo-
baculites Association that are found within more restricted parts
of the Australian epeiric basins (Haig, 1979, and this volume).

In general, the Australian faunas are composed of cosmopoli-
tan taxa, but lack many families that characterize the Tethyan
paleo-equatorial belt. This decline in diversity from the equatorial
belt south is thought to reflect a latitudinal temperature gradient
(Scheibnerova, 1970; Haig, 1979).

Discussion

The paleobiogeographic distinctions recognized in the benthic
foraminiferal assemblages reflect differences and changes in sub-
strate and bottom-water conditions. The presence of species hav-
ing extended or truncated stratigraphic ranges can be explained in
this way, as can the occurrence of "Biofacies B." In addition, the
presence of "Biofacies B" is thought to reflect depleted oxygen
conditions, rather than increased biosiliceous influx to the sub-
strate.

Planktonic Foraminifers

Site 766 (Aptian to Albian)

Planktonic foraminifers occur in all samples and include mem-
bers of the Globigerinelloididae, Planomalinidae, Schackoinidae,
Hedbergellidae, and Rotaliporidae families. Species of Hedberg-
ella are the most common planktonic forms in most of the sam-
ples. A number of the Hedbergella species were also recorded
from the "Great Artesian Basin" by Playford et al. (1975). Tici-
nella has not been definitely identified from the Australian region

(one questionable specimen was recorded from Wharton Basin,
DSDP Site 257), and its absence or rarity is a feature of all
high-latitude sites in the southern ocean. The species is absent
from Argo Abyssal Plain Sites 765 and 766 (Haig, this volume;
Ludden, Gradstein, et al., 1990), Wharton Basin Site 257 (Herb,
1974; see note above), Naturaliste Plateau Site 258, and Weddell
Sea Site 693 (Leckie, 1990). On the Falkland Plateau (Site 511),
Ticinella is represented by only one common species in the
lowermost Albian, which was interpreted as reflecting warm-
water influence (Krasheninnikov and Basov, 1983). Similar ob-
servations can be made about the occurrences of Rotaliporà,
which is restricted to the middle Cenomanian on the Falkland
Plateau. In all cases, closely related Hedbergella are relatively
diverse and common, and they must represent a group more
tolerant to cooler water temperatures in the high latitudes. The
southern limit of Ticinella(7) and Rotaliporà) appears to represent
a useful biogeographic marker.

A further indication of latitudinal temperature changes is
shown by comparing late Albian planktonic assemblages from the
Papuan Basin Site 766 with Site 258 (Naturaliste Plateau). These
sites represent a north-south transect through 15° of latitude.
Assemblages from the Papuan Basin and those from Site 766 are
almost identical, but contrast markedly with those from Site 258
(10° of paleolatitude farther south), which display a marked
decrease in species diversity (Haig, this volume).

Palynomorphs

Helby and McMinn (this volume) have applied the Australian
dinoflagellate biozonation without problems, but they have given
no indication of how these floras relate to Tethyan ones. Mohr
(1990) stated that Leg 113 palynomorphs (from the Weddell Sea)
are similar in composition to Early Cretaceous microfloras from
Australia and South America, but lack important elements char-
acteristic of South America.

Strong floral affinities exist among the Antarctic peninsula, the
Weddell Sea, and Australia, whereas some elements typical to
Argentinean floras are absent (Mohr, 1990). A cool temperate rain
forest mainly composed of podocarps and araucarian conifers can
be inferred for the Valanginian to Hauterivian interval, based on
miospore evidence found at Site 692 (Mohr, 1990). Coeval Neo-
comian megafloras from the Antarctic peninsula and southern
Australia indicate strong seasonality, with prolonged dark winters
and temperatures below freezing.

Macrofossils

The microfossil biogeographic interpretations presented above
also are entirely compatible with recent biogeographic models
that were based on macrofossil data. The late Mesozoic Boreal-
Tethyan macrofossil differentiation in the Northern Hemisphere
is one of the most striking in the fossil record (e.g., Arkell (1956);
Imlay (1965); Casey and Rawson (1973)). The equivalent South-
ern Hemisphere differentiation is mush less well documented and
possibly less well developed (Crame, 1986). However, evidence
is growing for a distinct Austral province for marine biota, at least
for the interval from the Late Jurassic to the Late Cretaceous (e.g.,
Stevens, 1980; Stevens, 1989; Crame, 1986). Stevens (1980)
reviewed the paleobiogeography of the southwest Pacific and
described a major biogeographic shift that occurred at the end of
the Jurassic. In Middle to Late Jurassic time, the region was
characterized by major influxes of Tethyan elements and an ab-
sence of Austral faunas. Into the Early Cretaceous, "Palaeoaus-
tral" elements gained importance, and Tethyan taxa declined
markedly. Australia, New Zealand, Antarctica, and eastern India,
all supported faunas having cool-temperature characteristics dis-
tinct from those of the Tethyan Realm (Stevens, 1980, fig. 4). This
biogeographic shift was probably the result of various factors:
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INITIAL FIT

Figure 5. A. Initial fit of Gondwana as proposed by Ricou et al. (1990, slightly modified). These authors proposed
splitting Antarctica into two parts (named Adelie and Maud) to obtain a closure of all gaps within the megacontinent.
Areas underlain by (thinned) continental crust are stippled: Seychelles-Mascareignes (S-M), Naturaliste Plateau
(N), Wallaby Plateau (W), and Exmouth Plateau (EX). An individual continental block opposite Northwest
Australia, the Shillong Hills (SHI), is assumed. This fit and its Jurassic-Early Cretaceous break-up (B) is more
consistent with the biogeographic data presented here than with fits of the du Toit type. B. Gondwanan paleogeogra-
phy during the Early Cretaceous (late Valanginian, Mil ) after Ricou et al. (pers. comm., modified by hand drawing).
A Jurassic break-up is assumed for the Somali Basin, the Madagascar Channel, the Mozambique and Weddell
basins, and the Argo Basin. An Early Cretaceous rift zone separated India from Antarctica and Australia, which
began to break up around Mi l . Stippled lines indicate inferred 2000-m isobath. Jurassic and Early Cretaceous
break-up led to oceanic seaways, isolating an Antarctic-Australian continental mass, which favored a clockwise
proto-circumantarctic current system (solid arrows) that penetrated via the foundered plateaus through the
Indo-Australian break-up into the Argo Basin. Branches of the South Equatorial Current in Tethys (stippled arrows)
entered the Somali Basin and may have mixed south of the Madagascar Channel with the Circumantarctic Current
system. The location of DSDP and ODP sites discussed in the text is indicated. C. Gondwanan paleogeography
during the mid-Cretaceous (early Aptian, MO) after Ricou et al. (pers.comm., modified by hand drawing). Rapid
spreading widened the Indian Ocean between India and Australia-Antarctica, which permitted an unconstrained
flow of circumantarctic waters toward the east. Periodically, varying upwelling must have occurred along the
Antarctic and the Australian margins (lined pattern). At this time, the Falkland Plateau had not yet cleared the tip
of Africa and strongly anoxic conditions dominated in the southern Atlantic and the Mozambique Basin. By late
Aptian/early Albian, further opening of the South Atlantic opened the Falkland barrier and the proto-Agulhas
Current (finely stippled arrows) transported faunas with Tethyan affinities as far as the Falkland area. Mixing of
Tethyan and high-latitude faunas observed off northwestern Australia may have been caused by such a mechanism
or by a convergence developed off western Australia.
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Figure 5 (continued).
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principally, the disruption of migration routes and changes in
temperature that in turn were related to paleogeographic/ocean-
ographic and climatic changes, as the break-up of Gondwanaland
proceeded (Stevens, 1980).

Inoceramids

Evidence of bipolar bivalve distributions in the Kimmeridgian
to Berriasian is growing. The genera Buchia, Retroceramus (ino-
ceramid), Anopaea (inoceramid), and Arctosis (oxytomid) were
restricted to the southern circum-Gondwana region (including
northern Australia) and the northern high latitudes (Crame, 1986).

The abundance of inoceramid fragments in the Tithonian-Ber-
riasian cores at Site 765, and the occurrence of whole shells of
"Aucellinà" at Site 766 (Fig. 4) are features commonly observed
at all cirumantarctic sites (Jones and Plafker, 1977; Doyle et al.,
1990). This is another argument for southern Gondwanan, rather
than Tethyan, affinities of the Exmouth-Argo area.

These bivalve distributions are interpreted as high-latitude
temperate (or cool-temperate) faunas developed on either side
(poleward 30°) of a broad tropical belt that was largely coincident
with the Tethyan Ocean. This distribution is attributed to global
climatic temperature gradients that, although perhaps less sub-
stantial than those of today, subjected the high-latitude regions to
cool-temperate climatic regimes.

Belemnites

Late Jurassic and Early Cretaceous belemnite assemblages
represent two separate faunal realms: Boreal and Tethyan. The
Tethyan Realm (southern and central Europe, eastern Africa,
Madagascar, Antarctica, South America, New Zealand, Indone-
sia, Australia, and India) was characterized by the Belemnopsei-
dae, Duvaliidae, and Dicoelitidae. This faunal realm can be sub-
divided further into the Mediterranean Province (southern Ger-
many, Alps, France, Spain, Morocco, Sicily, Crimea, and Bul-
garia) without Belemnopsis, and the Indo-Pacific Province
(eastern Africa, Antarctica, New Zealand, Indonesia, Australia,
and India) dominated by endemic Belemnopsis. These provinces
may be subdivided again into the Ethiopian and Indo-Pacific
subprovinces of the Late Jurassic and the Ethiopian-Antarctic and
Indonesian subprovinces of the Early Cretaceous (Berriasian-
Hauterivian). The limited number of belemnite specimens recov-
ered during Leg 122 (Mutterlose, this volume) exhibit close
affinities to material described from Indonesia.

One specimen of Duvalia cf. D. sakalava was recovered from
the Gascoyne Abyssal Plain (Sample 123-766A-42R-2, 41-43
cm). This species has been described only from Madagascar and
may indicate direct relationships with that area (Site 766 is located
"downstream" with respect to Madagascar, if currents are as-
sumed as illustrated in Fig. 6B).

Remarks Regarding Tethyan Fossil Groups Not Found
on the Northwestern Australian Margin

Saccocoma
Skeletal fragments of Jurassic-Cretaceous free-swimming cri-

noids termed Saccocoma occur in rock-forming abundance in the
Alpine-Mediterranean Tethyan Realm. The Saccocoma microfa-
cies, easily recognized in thin section, displaying mass accumu-
lations of Saccocoma ossicles, is found immediately below the
calpionellid facies (Farinacci and Sirna, 1959) and may be limited
to the Kimmeridgian-middle Tithonian time span (Borza, 1969;
Remane, 1985). Saccocoma accumulations often display grading

and lamination that suggest redeposition from pelagic swells into
the basins.

No specimens of Saccocoma have been found in Uppermost
Jurassic sediments of the Indian Ocean or the southern Atlantic.
At least at Site 261, where calcareous Kimmeridgian-Tithonian
lithologies definitely occur (Dumoulin and Bown, this volume).
Saccocoma should have been detected, if this site experienced
Tethyan influence at that time.

Calpionellids

Calpionellids, a small group of late Tithonian to late early
Valanginian planktonic protozoans of unknown affinities (Re-
mane, 1985), are widely distributed in the Tethyan Realm. Occur-
rences extend from eastern Mexico in the west to the Kiogar
Nappes of Tibet (Heim and Gansser, 1939) in the east; calpio-
nellids also may occur in central New Guinea (Rickwood, 1955).
No calpionellids have been reported from any Pacific or Indian
Ocean sites or adjacent land sections. According to Remane
(1971), "Calpionella" schneebergeri from western Australia is
certainly not a calpionellid. At both Sites 261 and 765, the Berri-
asian-Valanginian section contains abundant pelagic carbonate
turbidites that should have revealed some calpionellids, if the
Argo area had been influenced by the Tethyan Realm at that time.

LITHOLOGIC CHARACTERISTICS OF
SOUTHERN HEMISPHERE PELAGIC SEDIMENTS

COMPARED WITH TETHYAN FACIES
Comparison of pelagic lithofacies from different ocean basins

and paleolatitudes reveals interesting paleoceanographic charac-
teristics (Fig. 6). However, such comparisons do have limits,
especially for the Southern Hemisphere Lower Cretaceous. Most
of the sites show distinct sedimentary influences from adjacent
margins (e.g., O'Connell, 1990) that are controlled by regional
tectonic and climatic conditions, rather than oceanwide hydrog-
raphy. Carbonate dissolution at depth partly or totally erased the
calcareous plankton fossil record in many regions, hampering
comparisons. On the other hand, the bathymetry and fluctuation
through time of the carbonate dissolution levels (ACD, CCD, etc.)
record both changing oceanographic conditions and rates of
planktonic carbonate production, which may be interpreted in
terms of paleobiogeography and paleoclimate.

The worldwide distribution of Lower Cretaceous pelagic sed-
iments in the Tethyan (low-latitude) Realm is evidence of the
importance of biogeography on the distribution of calcareous
("above CCD") and noncalcareous ("below CCD") facies. Central
Atlantic and Alpine-Mediterranean Tethys indicate an onset of
dominant carbonate sedimentation during the Kimmeridgian-
Tithonian (Fig. 6; Laubscher and Bernoulli, 1977; Baumgartner
et al., 1980; Baumgartner, 1984, 1987, 1990; De Wever et al.,
1986). A drastic increase in the productivity of calcareous nanno-
plankton, especially nannoconids, led to a sharp decline of the
CCD in most western Tethyan basins and to the onset of pelagic
limestones (Maiolica and Biancone formations, Weissert, 1979;
Blake Bahama Formation in the central Atlantic, Jansa et al.,
1979). DeWever et al. (1986) and other authors concluded that
this change in sedimentation was a response to the formation of a
global equatorial current system. However, nannofossil lime-
stones are by no means a globally occurring phenomenon in the
Early Cretaceous for regions outside the Tethyan Realm. In fact,
radiolarites and radiolarian-bearing claystones seem to be the
normal pelagic sediment from Oman (Hawasina Nappes, Ber-
noulli and Weissert, 1987) to the entire Pacific area (Fig. 6;
Murchey, 1984), including Japan, western North and Central
America (Baumgartner, 1987), and many DSDP and ODP sites,
where Lower Cretaceous sediments overlying true ocean crust
have been recovered. The Uppermost Jurassic-Lower Cretaceous
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carbonate sequences drilled in the Pacific, as at Site 167, appar-
ently overlie thick ocean-island tholeiites (Tamaki and Larson,
1988). Thus, these carbonates slowly accumulated at shallow
depths, above a shallow CCD.

Relatively thick and pure Lower Cretaceous nannofossil lime-
stones apparently are restricted to the biogeographic domain,
where nannofloras were developing profusely. Elsewhere, nanno-
fossils were relatively scarce and other calcareous plankton were
virtually nonexistent, whereas radiolarians thrived. As a conse-
quence, the CCD was shallow, and pelagic carbonates formed
only at comparatively shallow depths (<3 km[?]).

Comparatively little is known about the Early Cretaceous
pelagic sedimentation in the southern middle and high latitudes.
The few Pacific sites that may have had Cretaceous paleolatitudes
higher than 30°S (e.g., Sites 595/596) experienced chert/clay-
stone sedimentation throughout the Early Cretaceous. Appar-
ently, similar sediments accumulated in the oceanic sequences,
now accreted in the Le May Group, which Holdsworth and Nell
(in press) concluded occupied a position between 39° and 70°S in
the open Pacific. Our sites in the Argo Basin (261 and 765, Fig.
6) exhibit dominance of clay sedimentation throughout the Early
Cretaceous. Radiolarian-rich sediments are scattered in current-
sorted sand layers that are restricted to sites near the margin. Out
in the basin, radiolarians are ubiquitous in the Neocomian clay-
stones, but do not become common until the Aptian-Albian. Two
phases of important carbonate influx occurred: (1) during the late
Berriasian to early Hauterivian and (2) during the Aptian-Albian.
Both phases are related to abundant resedimentation of carbonate
ooze from the adjacent Exmouth and Scott plateaus (Dumoulin
and Bown, this volume). These observations suggest that the floor
of the Argo Basin was beneath the CCD during the entire Early
Cretaceous, whereas the plateaus bordering the northwestern Aus-
tralian continent were above the CCD. Pelagic carbonate origi-
nally deposited at low rates on these plateaus was resedimented
into the basin. The Neocomian sequences of Leg 122 on the
Exmouth Plateau are condensed and exhibit important hiatuses
(Haq, von Rad, 0'Connell, et al., 1990).

From a number of sites (Fig. 2) in the southern Atlantic on the
Falkland Plateau (Sites 327, 330, and 511), in the Weddell Sea
(Sites 692 and 693), and on the Mozambique Ridge (Site 249),
Lower Cretaceous sediments were recovered that were reviewed
by O'Connell (1990). A complete Neocomian section was pene-
trated only at Site 249 (Fig. 6), where the paleodepth was rela-
tively shallow, and paleolatitude was lower than at the other sites.
On the Falkland Plateau (Sites 330 and 511), a hiatus includes at
least the Berriasian to Hauterivian. Where present, Neocomian
sediments are dominantly organic-rich mudstones and claystones,
with minor amounts of carbonate. O'Connell (1990) concluded
that sedimentation took place under dysaerobic conditions, prob-
ably near upwelling zones. Aptian-Albian sediments are com-
paratively richer in pelagic carbonate and/or silica. The deposi-
tional regime changed during the late Aptian and early Albian to
more oxygenated conditions that may have resulted from an
increase in bottom-current activity in relation with the opening of
the South Atlantic (O'Connell, 1990). This increased oxygenation
coincides with the early Albian warm-water influence reported for
the nannofossils and planktonic foraminifers in sites on the Falk-
land Plateau (see preceding observations). Increased oxygenation
may have been the result of an intensification of the proto-Agul-
has Current (see below).

In conclusion, we state that Lower Cretaceous sediments in the
Argo Basin have more southern middle to high latitude than
Tethyan attributes, although none of the mid-Cretaceous sections
cored in the Argo Basin reach TOC-values as high as those from
the southern ocean sites (5%-15%). Except for some periods
during the early Aptian, bottom waters were variably oxidized and

supported a benthic foraminiferal fauna. Bottom-current activity
was important during the Early Cretaceous because the Argo
Basin was a pathway between mid and high latitudes.

PALEOCEANOGRAPHIC EVENTS AT SITES 765
AND 766

Changes in microfossil abundance and preservation at Sites
765 and 766 parallel distinctive lithologic changes (Figs. 3 and
4). The Leg 123 Shipboard Scientific Party (Ludden, Gradstein,
et al., 1990, Figs. 51-54) quantified lithologic change by graphi-
cally representing the distribution of principal lithologies using
multivariate analysis of all smear-slide lithologic data. In a first
step, smear-slide compositional data were clustered by the aver-
age linkage method. A number of lithologic groups resulted and
are represented in Figures 3 and 4 (column "cluster analysis") as
different patterns. The relative frequency of these groups, aver-
aged over one to three cores, is graphically represented as a
percentage. Lithologic groups are sorted by grain size; fining is
to the left. Lithologic changes visualized in that way, match major
changes in faunal/floral composition and abundance. These
changes are interpreted as the paleoceanographic events, dis-
cussed as follows.

Event 1 is characterized by the sharp onset of high-latitude
bipolar nannofossils and radiolarite layers that contain the char-
acteristic radiolarian sand faunas. Nannofossils become abundant
in pelagic calciturbidites. Resedimented calcareous lithologies
make up to 50% of the section. Rhodochrosite micronodules occur
as both disseminated in the claystone matrix and as laminated and
size-sorted layers. Lithology and faunas above horizon 1 are
interpreted in terms of sudden influx of southern high-latitude
waters carrying cirumantarctic radiolarians and nannofossils into
the Argo Basin. Bottom-current activity increased and reworked
the pelagic carbonate on the adjacent plateaus, which was then
resedimented by turbidites in the Argo Basin. Bottom-current
activity also lead to winnowing and concentration of radiolarian
and rhodochrosite sands. Event 1 has been tentatively correlated
with the late Berriasian/early Valanginian lowstand LBZ-2.1 of
Haq et al. (1987; see Fig. 6).

Between Events 1 and 2, rare Tethyan radiolarians indicate
some warm-water influence. Between Events 2 and 3, Tethyan
radiolarian taxa are almost completely absent, whereas circu-
mantarctic taxa show great, but fluctuating, abundances and rap-
idly succeeding acmes of distinctive radiolarian lineages. High-
latitude nannofossils are abundant in resedimented carbonates.
This interval has been interpreted as a time of strong influx of cold
southern high-latitude waters related to the pronounced early
Valanginian lowstand LBZ-2.2 of Haq et al. (1987; see Fig. 6).
Cool water conditions in the Argo Basin at this time excluded the
presence of Tethyan taxa. The position of magnetic anomaly M i l
in the column of Site 765 (Fig. 3) has been inferred from corre-
lation of radiolarian acmes to Site 766 (Fig. 4) and marks the
beginning of seafloor spreading in the Indo-Australian break-up,
well after the first occurrence of high-latitude faunas.

At Site 766 (Fig. 4), a thick sequence of glauconitic sand and
siltstones was deposited between Ml 1 and Event 3. These litholo-
gies contain reworked echinoderms, inoceramids, bryozoans, and
ostracods, but no warm or shallow-water organisms that would
indicate the presence of a carbonate platform in the source area
of this material (the Exmouth Plateau). Microfossils have been
highly diluted by detrital material. However, dinoflagellates gain
in importance up the section, whereas spores and pollen diminish.
Radiolarians are scattered, and nannofossils yield moderate abun-
dances.

Above Event 3, Tethyan radiolarian taxa reappear, although
circumantarctic taxa still dominate the assemblages. At Site 765,
nannofossils are absent because of pronounced dissolution. Deep-
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water benthic foraminifers are scattered and are represented by
the impoverished Biofacies-B. Palynomorphs are well preserved
as a result of reducing conditions in the sediment. Up the section,
radiolarians become less abundant and are absent from many
samples. The lowest assemblage of planktonic foraminifers was
recovered at Site 765, in the early Aptian. Rhodochrosite is a
constant component that may reach more than 10% of the sedi-
ment volume. At Site 766 sedimentation becomes hemipelagic
above Event 3, while radiolarians become common to abundant.
Several radiolarian assemblages can be correlated from Site 765
to Site 766 and confirm the position of the magnetic anomaly
"MO" at Site 766. The increasing importance of Tethyan radio-
larian taxa above Event 3 may reflect more equitable conditions
resulting from a better paleoceanographic connection with the
Tethys Ocean and/or in relation with the long-term Hauterivian-
Barremian highstand LBZ-3 of Haq et al. (1987; see Fig. 4).

Event 4 marks the sudden onset of resedimented pelagic car-
bonate at Site 765 that contains rich nannofossil and planktonic
foraminifer assemblages. Radiolarians are scattered, and preser-
vation is poor. At Site 766, at least part of the early Aptian is
represented by a hiatus or a condensed section (Haig, this vol-
ume). As a consequence, Events 4 and 5 may fall almost together.
Abundant pelagic resedimentation in the Argo Basin and conden-
sation at the foot of the Exmouth Plateau are possibly related to
the early Aptian lowstand LBZ-4.1 of Haq et al. (1987; see Fig.
6).

Events 5 and 6 delimit the late Aptian-early Albian biosili-
ceous phase, which is characterized by common Tethyan radio-
larians, planktonic foraminifers, and nannofossils along with typi-
cal high-latitude forms. While claystones dominate at Site 765,
sediments become essentially biogenic at Site 766 and contain
even some radiolarian chert. This interval is correlative with the
Windalia Radiolarite of the epicontinental Carnarvon Basin
(western Australia, Ellis, 1987; Ellis et al., 1991). Correlation of
Events 5 and 6 with changes in sea level is uncertain; this is
discussed in the next section.

PALEOCEANOGRAPHIC, PALEOCLIMATE, AND
PLATE-TECTONIC SCENARIOS FOR THE EARLY

CRETACEOUS

Introduction: The Plate-Tectonic Frame
A number of histories of Gondwanan fit and break-up have

been proposed in recent years (reviewed by Ricou et al., 1990). It
is beyond the scope of this chapter to review these fits and their
plausibilities. Biogeographic data compiled in this chapter are
suggestive of paleoceanographic conditions that can be compared
to the various break-up histories proposed in the literature. Our
observations indicate the following paleoceanographic events:

1. In the Late or Latest Jurassic, opening of the Argo Basin,
which was paleoceanographically isolated from Tethys by its
higher paleolatitudinal position and/or by enclosing landmasses.

2. During the Late Jurassic, opening of an ocean basin around
east Antarctica (Weddell and Mozambique basins), which created
space for the evolution of southern high-latitude endemism and
bipolar distributions of radiolarians and nannofossils.

3. During the Berriasian, opening of a seaway connecting the
circumantarctic area with the Argo Basin, which resulted in the
influx of southern high-latitude waters and the immigration of
radiolarian and nannofossil assemblages typical of the circu-
mantarctic area.

Reconstructions of Gondwana of the du Toit-type (1937),
characterized by a fit of the southeast Indian margin to Antarctica,
have a west-Australian margin facing the Tethys Ocean. To ex-

plain a break-up south of the Exmouth Plateau as young as Ml 1
(late Valanginian), Veevers et al. (1975) and Powell et al. (1988)
extrapolated "Greater India" to include a wedge the size of the
entire Tibetan Plateau. This still does not provide a landmass
facing the northwestern Australian margin prior to the opening of
the Argo Basin in the Late (or Latest) Jurassic. Himalayan blocks
cannot be candidates for these hypothetical landmasses facing
western Australia because their breakoff from Gondwana oc-
curred long before the Late Jurassic. Görür and Sengör (in press)
considered it impossible that a major continental fragment now
forming the Asiatic Tethysides might have broken off western
Australia during the Late Jurassic-Early Cretaceous, because
these fragments had already collided with Asia by that time. The
opening of Neotethys occurred during the late Triassic or earlier.
Therefore, the Late Jurassic Argo Basin cannot be part of
Neotethys, but it may have been a marginal sea that might have
separated from Neotethys by a hypothetical landmass.

In most reconstructions of the du Toit type, India remained
attached to Antarctica until the late Valanginian (M11-M10)
(e.g., Veevers et al., 1980; Johnson and Veevers, 1984; Powell et
al., 1988; or Lawver et al., 1991) and a connection between the
Weddell-Mozambique and the Argo basins was impossible prior
to the Hauterivian-Barremian.

The fit proposed by Ricou et al. (1990) is the only one that
meets most of the requirements implied by our biogeographic
analysis. The loose fit between southeastern India and western
Australia (Fig. 5A) is consistent with continental crust beneath
the Naturaliste, Wallaby, and Exmouth plateaus. That fit allows
for crustal extension and foundering of these plateaus, which led
to the deposition of condensed pelagic sequences during the
Berriasian-Valanginian at Sites 761, 762, and 763 (Mutterlose,
this volume) prior to seafloor spreading in the break-up, which
started in late Valanginian time (Mil) . Through these deeply
submerged plateaus, circumantarctic waters first entered the Argo
Basin, which resulted in biogeographic connections.

Late Jurassic spreading between Africa, southwestern India,
and Antarctica (Fig. 5B) resulted in the expansion of new basins,
in which endemic radiolarian communities developed well before
Berriasian time.

The break-up history proposed in Figures 5B and 5C was
provided by Ricou and his colleagues (pers. comm., 1991). The
maps were redrawn from printouts using Terra Mobilis software.
Africa remains fixed during the Early Cretaceous. As a conse-
quence, Australia experienced a rapid southward movement from
seafloor spreading. In this reconstruction, the Argo Basin origi-
nated in the Latest Jurassic at paleolatitudes of about 30° to 40°S,
a value which is consistent with data by Ogg et al. (this volume).
However, at Ml 1 (late Valanginian) the Argo Basin was between
paleolatitudes of 40° and 50°S and at M0 (early Aptian), at about
60°S. This reconstruction may need modification, because Ogg et
al. (this volume) report little paleolatitudinal displacement of the
Leg 123 sites during the entire Early Cretaceous. However, we
would like to point out that paleolatitudinal comparisons with
sites in the Weddell Sea and the Falkland Plateau suggest Aptian
paleolatitudes of about 50°S for the Exmouth-Argo area, which is
consistent with the proposed reconstruction. The circumantarctic
current system inferred in this interpretation should flow along
northwestern Australia between paleolatitudes of 50° and 60°S
without a major deflection to the north (Fig. 5C). Interpretations
in this chapter consider both the case of a constant paleolatitude
of about 35°S and the possibility of Aptian paleolatitudes of about
50°S.

Tithonian-Late Berriasian Time (Before Event 1)
During Tithonian and Berriasian time, spreading widened the

Argo Basin, which was a narrow embayment or marginal sea,
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possibly bounded to the north by a hypothetical landmass (e.g.,
the Shillong Block, Ricou et al., 1990) and to the south and west
by the present-day northwestern Australian margin (Fig. 5B). The
low-diversity radiolarian assemblages of the claystones reflect
restricted paleoceanographic conditions that permitted the exist-
ence of only a few tolerant radiolarian species. These radiolarian
assemblages are known from Tethys and elsewhere, but have not
been previously reported from high latitudes. Preliminary com-
parisons suggest that these faunas, dominated by cryptocephalic
nassellarians, reflect mid-latitude, low-fertility conditions. Nan-
nofloras of this interval are made up predominantly of cosmopoli-
tan taxa, with some rare Tethyan elements. The sparse, severely
etched nannofloras are often dominated by Watznaueria spp. The
absence of endemic Boreal taxa prior to the latest Berriasian
precludes high-latitude influence before that time. Many charac-
teristic Tethyan taxa are completely absent, indicating only a
moderate Tethyan influence at that time.

Gondwana was breaking up during the same time, and a new
seaway between Africa, Antarctica, and western India was being
created. This new oceanic watermass (Weddell and Mozambique
basins, Madagascar Channel) was colonized by an endemic radi-
olarian fauna derived from northern high- and low-latitude ances-
tors that migrated into the area.

Late Berriasian-Early Valanginian Time (Between
Events 1 and 2)

Late Berriasian-early Valanginian time was characterized by
unstable paleoceanographic conditions in the Argo Basin and
triggered by the Indo-Australian break-up and a possible glacia-
tion (see below). Although the oldest oceanic crust in the Indo-
Australian Straits did not form until the late Valanginian (Ml 1),
the rift zone and adjacent margins were sufficiently submerged to
permit an intermittent "spillover" of circumantarctic cold water
into the Argo Basin; the resulting current contoured the Australian
margin. Cold-water radiolarians were periodically transported
into this region, upwelled along the margin, came into contact
with temperate surface waters, and died. Their skeletons sank and
became concentrated by winnowing bottom currents that were
periodically re-enforced by the cold-water influx from the south.
At the same time, the first massive occurrence of the nannofossil,
S. salebrosum is the most positive proof of high-latitude influence
in the Argo area. Greatly increased pelagic turbidite influx from
the plateaus bordering the Argo Basin during this time were
interpreted by Dumoulin and Bown (this volume) as having re-
sulted from increased erosional activity of bottom currents along
these margins. Turbidity transport may have been activated by the
two pronounced lowstands of sea level (Haq et al., 1987) during
this time interval. Both lowstands apparently have been recog-
nized worldwide and exceeded 100 m in amplitude (Haq et al.,
1987). These lowstands may have been caused by glaciations that
built up inland ice on the Antarctic-Australian continent. Oceanic
seaways separated Antarctica and Australia from the remainder
of Gondwana at this time. A proto-circumantarctic current system
may have developed, resulting in a polar cold cell and eventual
glaciation. A full spectrum of evidence and arguments of Early
Cretaceous glaciations in the Northern Hemisphere has been
reported by Kemper (1987). He advocated a series of cold periods,
both during the early Valanginian and the late Aptian/early Albian
(see below). Direct evidence for glaciation on the Australian
continent has been reported by Frakes and Francis (1988): the
Valanginian to Albian Bulldog Shale of the southwestern part of
the Eromanga Basin (central Australia) contains glendonites and
ice-rafted clasts of up to 3 m in diameter. This part of the basin
was located at paleolatitudes higher than 65°S. Changes in pelagic
facies (dated as Valanginian and Aptian) in the Tethyan Realm
were correlated by Weissert and Lini (1991) with major changes

in the carbon isotope record. Stratigraphic intervals having de-
creased carbon isotope values were interpreted as times of decel-
erated carbon cycling resulting from a cooler, dryer climate.
These phases are synchronous with the major Early Cretaceous
lowstands in sea level.

Late Valanginian-Late Hauterivian Time (Between
Events 2 and 3)

The late Valanginian-late Hauterivian interval was charac-
terized by seafloor spreading in the Indo-Australian break-up
zone (Mi l , late Valanginian) and rapid expansion of the seaway.
As a consequence, cold-water influxes into the Argo Basin be-
came more stable during this period, which probably affected the
entire Argo Basin watermass. Typical Tethyan radiolarian species
are virtually nonexistent, except for a few tolerant species. Well-
defined, successive acmes of circumantarctic species of probable
southern origin represent several evolutionary lineages unknown
from the Tethys. These may characterize a southern high-latitude
faunal realm that had been well established by this time. Nanno-
conus is entirely absent, whereas Seribiscutum salebrosum has a
consistent and common occurrence throughout this interval. Re-
working of pelagic carbonate from the plateaus to the Argo Basin
floor by turbidites intensified and reached a maximum toward the
later part of this interval, after which it sharply declined just
before the end of the Hauterivian.

Barremian-Early Aptian Time (Between
Events 3 and 4)

An almost entirely unrestrained circumantarctic current sys-
tem developed during the Barremian-early Aptian time interval
(Fig. 5C). Circumantarctic radiolarians dominated the radiolarian
faunas well into the Aptian. Meanwhile, the connection to the
southern Tethys became well established, and more typically
Tethyan species appeared in the Argo Basin and on the Exmouth
Plateau. This area experienced more equitable climatic conditions
during the late Barremian and earliest Aptian, despite possibly
higher paleolatitudes, compared to the early Neocomian. Lower
overall fertility during this time may have been the cause of this
less- continuous radiolarian record. Nannofloras from this inter-
val experienced a major floral turnover, which may have been
caused by a change to open-oceanic conditions at the Barremi-
an/Aptian boundary (Mutterlose, this volume). The Aptian assem-
blages are cosmopolitan, but Nannoconus (abundant throughout
the Barremian-Albian in the Mediterranean area) is extremely
rare in the sites off northwestern Australia.

Late Aptian-Albian (Between Events 4 and 6)

The wealth of biogeographic data available for this interval
were summarized in the previous sections of this chapter. A
number of interpretations are possible, some of which are outlined
here. Further detailed analysis will be necessary to reach a more
refined interpretation. For the first time, planktonic foraminifers
became important in abundance and diversity. A distinct decrease
in faunal diversity occurred between Sites 766 and 258, which can
be interpreted as the result of a convergence zone, such as the
antarctic convergence of the modern ocean. The absence of 77c/-
nella off western and northwestern Australia was a high-latitude
effect common to sites in the Weddell Sea and Falkland Plateau.
The nannofloras, though of cosmopolitan nature, show distinct,
southern high-latitude affinities, as evidenced by the first occur-
rence of bipolar Seribiscutum primitivum in the early Albian and
by the continued, almost total absence of Nannoconus. The close
similarity of planktonic assemblages among the Weddell Sea,
Falkland Plateau sites, and the sites off northwestern Australia
suggests similar paleolatitudes between 50° and 60°S that are
consistent with the plate reconstruction proposed in Figure 5C.
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Alternatively, these similarities imply a northward shift of bioge-
ographic boundaries, if a paleolatitude at about 35°S is assumed
for the Argo Basin (Ogg et al., this volume). Such a northward
shift may have resulted from an eastern boundary current along
Australia that transported cold, nutrient-rich waters into the mid-
dle latitudes.

A short episode of warm-water influx into the Falkland Plateau
area is indicated by the occurrence of Nannoconus and Ticinella
in upper Aptian/lowermost Albian sediments at Sites 511 and 327.
Because the South Atlantic was still separated from the central
Atlantic at that time, we speculate that a proto-Agulhas Current
was active for the first time, with warmer subtropical waters
flowing through the Madagascar Channel along the African mar-
gin and onto the Falkland Plateau (Fig. 5C). Anoxic conditions
largely ceased by that time, and the Falkland Plateau cleared the
tip of Africa, resulting in more open circulation in the South
Atlantic (Shipboard Scientific Party, 1977). This warm-water
episode demonstrates the sensitivity of the system to latitudinal
exchange of water masses. The southern limit of Nannoconus and
Ticinella occurrences was temporarily at a paleolatitude of about
50°S in the Atlantic, whereas this limit should have been at less
than 35°S in our area off northwestern Australia, if paleolatitudes
of Ogg et al. (this volume) were correct.

Late Aptian/early Albian radiolarian faunas have not been
studied in detail, but are well preserved and diverse at Sites 261
and 766. These faunas have significant numbers of typically
Tethyan taxa such as Acanthocircus, Sethocapsa euganea, and
some pantanellids, among species unknown to the Tethys, but
apparently common in the Weddell Sea. This evidence may indi-
cate mixing of subtropical and antarctic water masses, which may
have occurred in an Antarctic convergence zone. The upper Ap-
tian/lowermost Albian section also contains the only radiolarian
cherts recovered at Site 766, which may be indicative of a high
fertility period related to oceanic convergence in the basin and
upwelling along the margin. This biosiliceous episode is recorded
on the Australian margin as the Windalia Radiolarite present
throughout the Carnarvon Basin (Hocking, 1988; Ellis, 1987;
Ellis et al., 1991; Haig, this volume). Mixing of Tethyan and
high-latitude faunal elements may be indicative of high latitudinal
gradients and well-developed oceanic convergences typical of ice
ages. The sea-level curve of Haq et al. (1987) shows a long-term
lowstand (Fig. 6) and several short-term peak lowstands that may
be related to cool climates, including glaciations. Both Kemper
(1988) and Weissert and Lini (1991) provided independent evi-
dence for a late Aptian/early Albian global cool climate, which
possibly resulted in the build-up of polar ice caps.

CONCLUSIONS
The Mesozoic microfossil distributions described above have

profound implications for microfossil paleobiogeography in the
poorly known southern middle to high latitudes. Of particular
interest are the calcareous nannofossil, radiolarian, and plank-
tonic foraminifer assemblages, which are clearly distinct from
those observed in the Tethyan Realm (low latitude). In this re-
spect, our microfossil data complement drilling during a number
of recent DSDP/ODP legs that penetrated Mesozoic sediments in
the southern oceans (i.e., ODP Leg 113, Weddell Sea; DSDP Legs
36, 71, and 72, Falkland Plateau).

All the microfossil assemblages exhibit varying degrees of
differentiation from those of the Tethyan and Boreal realms.
These differences, which characterize the Austral Realm, are
expressed in the following ways:

1. Endemic taxa, that is, taxa restricted to the Austral Realm.
2. Excluded taxa or taxa known from the Boreal and Tethyan,

but not the Austral Realm.

3. Distinct assemblage compositions. Many taxa occur in
lower or higher relative abundances in the Austral Realm, com-
pared to the Tethyan and/or Boreal realms. Diversity is generally
lower than in the Tethyan Realm.

4. Anomalous stratigraphic ranges. First and final appearances
of taxa may be extended. A taxon that has an earlier first appear-
ance in the Austral Realm is likely to have originated here and
subsequently migrated north. A taxon that has a later last appear-
ance than elsewhere is likely to have thrived in a particular niche
of the Austral Realm, while it was rare elsewhere and therefore
not represented in the fossil record. First and final appearances of
taxa may be truncated as compared to the Tethyan Realm. This
situation occurred when oceanographic conditions favorable for
the migration of Tethyan taxa to the south lasted for periods
shorter than the range of the taxa.

5. Bipolar distributions. Many taxa occurred abundantly both
at high northern and southern latitudes as a result of favorable
conditions (temperatures). The exchange across the Tethyan
Realm may have taken place in deep (= cold waters [as for
radiolarians]) or certain taxa may have migrated in a larval or
resting stage that was more tolerant to environmental change.
Indeed, radiolarian taxa that thrived in high latitudes occur as a
rare fraction of Tethyan deep-water assemblages. However, no
preserved fossil record of many taxa that migrated through the
Tethyan Realm in small numbers may exist.

The microfossil and macrofossil evidence indicates biogeo-
graphic differences of broad significance, although regional fac-
tors were also undoubtedly influential. These differences were
observed throughout the Late Jurassic to Early Cretaceous inter-
val, but in the Barremian to Albian evidence of greater homoge-
nization in both the nannofossil and radiolarian distributions is
seen. At the coarsest level, the microfossils display significant
differences from the Tethyan area, but show affinities with the
northern and southern high-latitude regions. The similarity of
these high-latitude areas flanking the Tethyan belt is most likely
the result of latitudinal temperature differences, the faunas and
floras of the Argo Basin, and other southern ocean sites, which
reflects cooler surface-water temperatures. As in the Northern
Hemisphere, it appears likely that biogeographic differences be-
come significant poleward of 40°.

In conclusion, the available fossil data from DSDP and ODP
sites off northwestern Australia indicate important southern high-
latitude affinities and weak Tethyan influence throughout the
Neocomian. This observation together with the young age of the
Argo crust and plate-tectonic considerations suggest that the Argo
Basin was not part of the Tethys Realm.

The biogeography of the Neocomian radiolarian and nanno-
fossil assemblages provides evidence of a post-Tithonian seaway
between the circumantarctic area and the Argo Basin that resulted
in the influx of southern high-latitude water. This current may
have had an important oceanographic effect on the Argo Basin by
lowering surface-water temperatures (compounding the effects of
latitudinal changes) and thus influencing the distribution of the
other plankton groups.

This conclusion constrains models for the Gondwanan initial
fit and break-up history. The fit proposed by Ricou et al. (1990)
is favored. A loose fit between the western Australian margin and
southeast India after Tithonian time may account for the deep-
water connection with the Weddell-Mozambique basins, which
became possible because of the drowned marginal plateaus. In fits
of the du Toit type, India remained firmly attached to Antarctica
until at least the Valanginian, making such a connection impossi-
ble.

After the Barremian, increasing Tethyan influence is evident
in all fossil groups, although southern high-latitude taxa are still
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present. Biogeographic domains, such as the southern extension
of Nannoconus and Ticinella, suggest paleolatitudes of about
50°S for the Exmouth-Argo area. This value is consistent with the
Gondwanan break-up history proposed in this chapter (Fig. 5C)
Alternatively, if the measured paleolatitudes of about 35°S of Ogg
et al. (this volume) are true, these biogeographic limits were
displaced northward at least 15° along Australia, in comparison
to the southern Atlantic. In this case, the proto-circumantarctic
current was deflected northward into an eastern boundary current
off Australia and transported circumantarctic cold water into the
middle latitudes.

By late Barremian/early Aptian time, a convergence zone that
brought cold, nutrient-rich waters in contact with temperate wa-
ters might have developed off western or northwestern Australia.
Such a convergence might explain the mixing of Tethyan with
southern faunal elements, especially radiolarians and nanno-
fossils. Another indication of a convergence zone near the Aus-
tralian margin is a significant gradient in Albian surface-water
temperatures over 10° latitude, evidenced by a sharp decrease in
diversity of planktonic foraminifers between the Exmouth (Site
766) and the Naturaliste (Site 258) plateaus. High fertility condi-
tions during the late Aptian/early Albian, reflected by radiolarian
cherts at Site 766 and the Windalia Radiolarite on the Australian
margin, are suggestive of coastal upwelling induced by margin
parallel currents and/or offshore winds. These conditions are
synchronous with a time of global cooling, low sea level, and
possibly repeated build-up of polar ice caps.
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