
Richter, C. (Ed.)
Proceedings of the Ocean Drilling Program, Scientific Results Volume 181

1. LEG 181 SYNTHESIS: FRONTS, FLOWS, 
DRIFTS, VOLCANOES, AND THE EVOLUTION 
OF THE SOUTHWESTERN GATEWAY TO THE 
PACIFIC OCEAN, EASTERN NEW ZEALAND1

R.M. Carter,2 I.N. McCave,3 and L. Carter4

ABSTRACT

The Late Cretaceous–Cenozoic geology of New Zealand represents
the evolution of a post-Gondwana, Pacific-facing passive margin which
interacted, first, with the mid-Cenozoic development of the Australian/
Antarctic and Australian/Pacific plate boundaries and, second, with the
subsequent development of the oceanic thermohaline circulation sys-
tem. Situated between the Tasmanian and southwest Pacific oceanic
current gateways, the stratigraphy of the New Zealand region provides
our best record of the evolution of the Pacific Ocean’s largest deep cold-
water inflow, the Deep Western Boundary Current (DWBC), and also
possesses an important record of Antarctic Intermediate Water flow.
Prior to Leg 181, our knowledge of southwest Pacific Ocean history and,
in particular, the development of the DWBC and its local partner, the
Antarctic Circumpolar Current (ACC), was poor. Seven holes were
therefore drilled east of New Zealand to determine the stratigraphy, sed-
imentary systems, and paleoceanography of the DWBC, ACC, and re-
lated water masses and fronts. The sites comprised a transect of water
depths from 396 to 4488 m and spanned a latitudinal range from 39° to
51°S. Leg 181 drilling provided the data needed to study a wide range of
problems in the Southern Ocean Neogene.

Driven by rifting and a new cycle of seafloor spreading along the
Mid-Pacific Rise, New Zealand’s youngest (Kaikoura) stratigraphic cycle
begins with Late Cretaceous rift fill followed by subsidence and marine
transgression until the late Eocene. Biopelagic oozes accumulated
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throughout as an abyssal apron around the Pacific perimeter of the New
Zealand Plateau, seen as Paleocene siliceous nannofossil chalk, chert,
and clay at Site 1121 (water depth = 4488 m) and nannofossil chalk at
Site 1124 (water depth = 3967 m). At the Eocene/Oligocene boundary
(~33.7 Ma), the spreading ridge between Australia and Antarctica broke
through south of the Tasman Rise, linking for the first time the Indian
and Pacific Oceans into a continuous Southern Ocean. Powerful wind-
forced currents, predecessors to the modern ACC, were funneled
through the Tasmanian Gateway and into the Pacific, where their path,
combined with that of the thermohaline DWBC, was impeded by the
shallowly submergent New Zealand Plateau, centered then at latitude
~55°S. All drill sites within or east of the Tasmanian Gateway and all
onland sections in New Zealand record this event as a regional uncon-
formity, the Marshall Paraconformity, across which a there is a time gap
of ~3–10 m.y., a result of a combination of corrosion, erosion, and non-
deposition. Above the paraconformity, sedimentation in both shallow
and deep water resumed as late Oligocene (~27–29 Ma) sediment drifts
(Site 1124; water depth = 3967 m). Younger deepwater drifts at Sites
1123 (water depth = 3290 m) and 1124 comprise alternating nannofos-
sil chalks containing greater or lesser amounts of terrigenous clay. At
Site 1123 on the North Chatham Drift, sediment accumulated essen-
tially continuously from ~20.5 Ma onward. Analysis of this record
shows that the stratigraphic rhythms there correspond to 41-k.y.
Milankovitch climatic cycles, with faster DWBC flow during colder or
glacial intervals. Site 1123 is globally unique. It provides an essentially
complete, richly microfossiliferous Miocene to Quaternary record of
uniform ~4-cm/k.y. sedimentation that has been astronomically tuned.
It also contains an almost complete paleomagnetic record since Chron
C6r at 20.5 Ma, including the first record of new magnetic subchron
C5ADn1r. Shallower-water Sites 1125 (water depth = 1366 m), 1120
(water depth = 546 m), and 1119 (water depth = 396 m) reveal, respec-
tively, a major productivity bloom between 5.6 and 4.8 Ma on the
north side of the Subtropical Front (STF) (Site 1125), foraminiferal nan-
nofossil chalk accumulation punctuated by paraconformities at 16.7–
15.8, 5.6–1.9, and 0.9–0.24 Ma (Site 1120), and enhanced frontal flows
along a seaward-relocated STF during glaciations (Site 1119). The late
Quaternary climatic record at Site 1119 also closely matches that of air
temperature in the Vostok ice core, indicating close links between cli-
mate change in southern middle and polar latitudes. 

From ~24 Ma onward, abundant terrigenous material was shed into
the southwest Pacific from rising mountains along the South Island
Alpine Fault plate boundary. Gradually changing clay mineral assem-
blages in DWBC drifts, with chlorite + illite replacing smectite + kaolin-
ite, reflect the increasing influence of newly unroofed basement
(Rangitata) graywackes and schists through the Miocene–Quaternary.
From 12 Ma onward, sediments were augmented by an influx of mainly
rhyolitic tephra from the North Island volcanic arc. Site 1122 (water
depth = 4432 m), on the left bank levee of the abyssal Bounty Fan,
records a marked increase in the input of terrigenous turbidites and fan
building starting at ~1.7 Ma and peaking at average rates >50 cm/k.y. af-
ter 0.7 Ma. Site 1124, on the Rekohu Drift near the Hikurangi Channel,
records the start of overbank turbidite deposition, and therefore avul-
sion of the Hikurangi Channel from the Hikurangi Trough following
channel deflection by a large submarine landslide from the North
Island continental margin at ~1.65 Ma. Geological and oceanographic
events that have occurred in the southwest Pacific since the Eocene/
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Oligocene boundary (~33.7 Ma) together compose the Eastern New
Zealand Sedimentary System (ENZOSS), studies of which are contribut-
ing to our understanding of the history of global ocean circulation and
climate change.

INTRODUCTION

Had it not been the Land of the Long White Cloud (Aotearoa), in
1769 Young Nick and Captain Cook might have sailed right past the is-
land microcontinent that is New Zealand. Instead, after sighting and
then circumnavigating and mapping “the land uplifted high” (see the
volume Frontispiece, parts A–C), Cook proceeded westward to chart
also the east coast of Australia. He thus demonstrated to his European
audience the existence of the Tasman Sea and established the geo-
graphic importance of New Zealand as the western margin of the main
Pacific Ocean Basin (Fig. F1).

Almost exactly 200 years later, two other Northern Hemisphere ves-
sels sailed New Zealand waters in pursuit of a global understanding of
the nature of continents, ocean basins, and the tectonically active vol-
canic interface between them that is exemplified by the circum-Pacific
mobile belt. In 1962, the vessel Eltanin was assigned to the U.S. Na-
tional Science Foundation (NSF) for use as a research ship in support of
the Foundation’s Antarctic and Southern Ocean research program. Dur-
ing 1962–1972, the Eltanin conducted an extensive series of 55 pioneer-
ing voyages that laid the basis for our understanding of the
oceanography and geology of the Southern Ocean (e.g., Glasby, 1990).
Many of the Eltanin results were published in more than 40 volumes of
the Antarctic Research Series of the American Geophysical Union (for
Pacific geology, especially volumes 15 and 19) (cf. Houtz et al., 1967;
Ewing et al., 1969; Hayes and Pitman, 1972; and summary in Davey,
1977). These achievements were followed, in 1972–1974, by the accom-
plishment of drilling Legs 21, 28, and 29 by the Glomar Challenger (Fig.
F2) under the aegis of the NSF Deep Sea Drilling Project (DSDP), which
formed part of the then rapid development of our understanding of the
mechanisms of global tectonics and of the new discipline of paleocean-
ography (e.g., Burns, Andrews, et al., 1973; Kennett, Houtz, et al., 1975;
Andrews, 1977; Burns, 1977). At that time, perhaps most astonishing
was the fact that shipborne measurements and conclusions, drawn
mostly by persons unfamiliar with New Zealand geology, should pro-
vide such powerful insights into both global geological mechanisms
(Molnar et al., 1975; Weissel et al., 1977) and regional geological history
(Ballance, 1976; Carter, R., and Norris, 1976).

The science achieved by these Eltanin–Glomar Challenger cruises revo-
lutionized our understanding of southwest Pacific geology and ocean-
ography just as surely as Cook, earlier, had revolutionized our
appreciation of its geography. The first plate tectonic interpretations
made it apparent that the northeast-trending active volcanic and earth-
quake zones of New Zealand—in the North Island the Taupo Volcanic
Zone–Hikurangi Subduction Zone and in the South Island the trans-
form Alpine fault—marked the modern plate boundary between the
Pacific and the Australian plates (Isacks et al., 1968; Le Pichon, 1968;
Molnar et al., 1975; Sutherland, 1995). The Tasman Sea represents an
abandoned spreading center located entirely on the Australian plate
(Hayes and Ringis, 1973; Weissel and Hayes, 1977). Thus, the New
Zealand Plateau or microcontinent—comprising the emergent islands

F1. Simulation of sea-surface 
height, p. 83.

F2. Location map for the south-
west Pacific region, p. 84. 
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together with the flanking submarine Campbell Plateau, Chatham Rise,
and Lord Howe Rise—forms not only the geographic but also the geo-
logic and oceanographic southwestern margin of the Pacific Ocean Ba-
sin.

Historical Geological Studies

Meanwhile, onland, more than one 100 years of investigation by the
staff of the New Zealand Geological Survey (Grindley et al., 1959) and
by university and museum researchers had established that New
Zealand’s younger geology encompassed a richly fossiliferous record
with a widely varying representation of both nonmarine and marine
sediment facies (e.g., Cotton, 1955; Fleming, 1975; Suggate et al., 1978).
The essentially unbroken nature of the postrifting succession of sedi-
ments is well summarized in the quotation from Cotton at the head of
this review (cf. volume Frontispiece, part D). This Cretaceous–Cenozoic
succession was termed the Notocenozoic by Cotton (1955) and classi-
fied as the Kaikoura Sequence (now Kaikoura Synthem) by Carter, R., et
al. (1974). (Use of the term synthem as a replacement for sequence, in
the sense of Sloss, 1963, after the latter term had been usurped by se-
quence stratigraphers, follows the usage of the International Commis-
sion on Stratigraphic Nomenclature. Synthems retain great usefulness
as high-level terms for the widespread, unconformity-bounded packets
of strata that make up regional geological successions; cf. Chang, 1975).

Compared with land-based geological studies, knowledge of the off-
shore geology and oceanography of the New Zealand region lagged and
only developed during the second half of the twentieth century. Two
events were pivotal to improving our knowledge of the geology of off-
shore territories. The first was the creation in 1954 of the New Zealand
Oceanographic Institute (NZOI), initially as a branch of the Department
of Scientific and Industrial Research (DSIR) but since 1992 encompassed
within the National Institute of Water and Atmosphere (NIWA). The
creation of a strong marine geological capability followed, as reflected
in the major advances made by NZOI staff in understanding New
Zealand’s undersea geology and sedimentology during the second half
of the twentieth century; Thompson (1994) presented a summary of
this activity. Second, increasing numbers of petroleum exploration
wells were drilled in New Zealand offshore waters from the 1960s on-
ward. Under a far-sighted licensing policy, the seismic and stratigraphic
databases collected during commercial exploration became open file re-
ports, available through the Petroleum Section of the Geological Survey
of New Zealand (e.g., McLernon, 1972). Analysis of this offshore data in
conjunction with the onland geology had a markedly beneficial effect
on the regional understanding of Cretaceous–Cenozoic stratigraphy, as
exemplified by the appearance of the first regionally comprehensible
and modern account of New Zealand’s eight or so major Kaikoura sedi-
mentary basins (Katz, 1968, updated in Ballance, 1993a; Laird, in press).

Each of New Zealand’s post-Gondwana sedimentary basins, of
course, contains an idiosyncratic local history, but all the eastern basins
conform to the same regional pattern of initiation by rifting during the
Late Cretaceous creation of the Pacific margin of the New Zealand mi-
crocontinent; thermal subsidence and marine transgression during the
Cretaceous–Eocene phase of passive margin drift that accompanied
mid-Pacific seafloor spreading; sediment starvation and current erosion
during the Oligocene, by which time land areas and terrigenous sedi-
ment sources were greatly reduced and Southern Ocean current flows

http://www-odp.tamu.edu/publications/181_SR/front.htm
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had started; and increased terrigenous sedimentation under the accelerat-
ing influence of volcanic and tectonic activity along the developing
New Zealand plate boundary from the early Miocene onward (volume
Frontispiece, part A) (Ballance, 1976; Carter, R., and Norris, 1976;
Carter, R., 1988b; Ballance, 1993b; Laird, in press). Most of the sedi-
ments from which these generalizations are drawn were deposited in
shallow or intermediate-depth marine waters, say <1500 m deep. None-
theless, even the earliest studies recognized that these waters repre-
sented merely the shallow edge of a much larger and deeper Pacific
Ocean Basin. This leads us to discuss the development of paleoclimatic
and paleoceanographic studies in New Zealand. 

Cenozoic Climatic History of the New Zealand Region

Pelagic marine macro-organisms, such as nautiloids, occur only
rarely as Cenozoic fossils. Thus, the abundant and diverse New Zealand
Cretaceous–Cenozoic macrofossil record, like most, is overwhelmingly
dominated by the remains of benthic organisms of limited zoogeo-
graphic distribution. Not surprisingly, the rich New Zealand literature
on the interpretation of these fossil assemblages has been concerned
mostly with discussion of their evolutionary and geographic origins
and overseas affinities, as exemplified, for instance, by Finlay (1925). By
the 1960s, however, the greatly increased knowledge of the invertebrate
fossil faunas and the development of micropaleontological studies led
to a burst of papers in which zoogeographic analysis was used also to
infer New Zealand’s changing climate history, as summarized by Flem-
ing (1962; updated in 1975) and Hornibrook (1992). About the same
time, the first direct physical measurements related to oceanic paleo-
temperature were provided from oxygen isotope analyses by Devereux
(1967), and papers by Kennett (1968) and Vella (1973) provided early
assessments of the past distribution of oceanic water masses in the
southwest Pacific based on analysis of planktonic microfossils. These
studies—which were based on organisms as diverse as mollusks,
brachiopods, echinoderms, corals, foraminifers, nannoplankton, and
trees (nuts, seeds, and pollen)—converged to provide a clear consensus
regarding the history of Cenozoic climate in the New Zealand region
(Fig. F3). 

In outline, New Zealand fossil assemblages reveal the dominance of
warm temperate to subtropical temperatures during the Paleocene and
Eocene, followed by a sharp reduction of temperature across the
Eocene/Oligocene boundary (33.7 Ma), and then warming in the late
Oligocene. Gradual warming continued up until the occurrence of
another subtropical climatic optimum in the early middle Miocene
(Altonian–Clifdenian; peaking at ~16.5 Ma), followed by reducing tem-
peratures through the remainder of the Miocene and Pliocene, with the
final disappearance of most warm-water taxa and the appearance of
subantarctic immigrants at ~2.4 Ma. Superimposed on this long-term
climatic change, from ~3.5 Ma onward increasing tectonic uplift re-
sulted in the exposure onland of sections containing a superb
cyclothemic record of Pliocene–Pleistocene glacial–interglacial fluctua-
tions (Fleming, 1953; Beu and Edwards, 1984; Haywick et al., 1992; Ab-
bott and Carter, R., 1994; Naish and Kamp, 1995; Journeaux et al.,
1996; Saul et al., 1999).

F3. Climatic history of the New 
Zealand region, p. 85.
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Paleoceanography in the New Zealand Region

Because of the richly fossiliferous nature of the sedimentary record,
environmental inferences about past New Zealand seas are common in
the local geological literature from the late nineteenth century onward.
Thus Marshall (1912, p. 41) commented that the characteristics of out-
cropping Oligocene glauconitic marls “tell us that much of the present
land was during this period 1200 to 1800 feet below the sea level” and
that “limestone succeeds the greensand and indicates deeper submer-
gence and probably the climax of the (downward) movement.” These,
of course, are paleoceanographic inferences. Fleming’s comprehensive
summary (Fleming, 1975) of this largely qualitative phase of paleocean-
ographic and paleogeographic study was, appropriately, published a lit-
tle after the pioneering reconstruction by Devereux (1967) of the
world’s first Cenozoic-long oxygen isotope paleotemperature record. Al-
though based on mixed samples from both micro- and macrofossils,
Devereux’s New Zealand curve broadly mirrors current high-resolution
global isotope curves (e.g., Zachos et al., 2001) and included a clear de-
lineation of the abrupt, major temperature decline across the Eocene/
Oligocene boundary. 

Modern paleoceanography arose from using similar new and sensi-
tive analytical techniques applied to the long, undisturbed, and unin-
terrupted oceanic sediment cores that became available from the late
1960s. In this regard, the hydraulic piston corer, precursor of the ad-
vanced piston corer (APC), was first deployed successfully during DSDP
Leg 64 in the Gulf of California in 1982, and the first volume of the
journal Paleoceanography appeared in 1986. The 1983 drilling of DSDP
Leg 90, a latitudinal transect of sites with paleoceanographic targets,
provided the first lengthy piston cores from the New Zealand region
(Kennett, von der Borch, et al., 1986). This drilling marked the incep-
tion of modern paleoceanographic research in the southwest Pacific
Ocean, 10 years after Vella (1973, p. 318) concluded a discussion of the
onland evidence for Neogene movements of the subtropical front (STF)
with the prescient remark that “...to obtain more direct, more reliable
and more complete results, the research must be reoriented towards
paleo-oceanography.”

DSDP Sites 593 and 594, drilled during Leg 90, were situated west
and east of New Zealand, respectively, in subtropical waters on the Lord
Howe Rise and subantarctic waters on the southern flank of the
Chatham Rise (Kennett, von der Borch, et al., 1986). Subsequent study
of material from these and earlier DSDP sites provided the first high-
resolution sedimentary, geochemical, and climatic records for the
southwest Pacific (Kennett et al., 1975; Kennett, von der Borch, et al.,
1986; Nelson, 1986), contributed to the integration of onland New
Zealand stratigraphy with international zonation schemes (Hornibrook,
1980, 1981, 1982, 1984; Scott, 1992), and provided evidence toward es-
tablishing the late Neogene timetable of mountain building along the
Australian/Pacific plate boundary (Lewis et al., 1985). More expressly,
paleoceanographic results from Site 594 were concerned with the syn-
chroneity of glacials and interglacials between the hemispheres (Nelson
et al., 1986a), the more general Neogene climatic deterioration (Lazarus
and Caulet, 1993), the history of supply of Antarctic Intermediate Wa-
ter (AAIW), and the historic properties and evolution of the STF and the
Subantarctic Front (SAF) (Nelson et al., 1986a, 1993; Kowalski and Mey-
ers, 1997) (Fig. F4). Of the three earlier DSDP sites in the vicinity, Sites
275 and 276 were rotary drilled at locations on the edge of the Camp-

F4. Oceanographic setting of the 
Leg 181 drill sites, p. 86.
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bell Plateau where erosion had removed a large part of the record and
DSDP Leg 29 Site 277, in the Emerald Basin just west of the Campbell
Plateau, recovered an exceptional late Eocene–early Oligocene isotope
record (Shackleton and Kennett, 1975).

The successful completion of DSDP Leg 90 provided a strong impetus
for the development of paleoceanographic studies of the New Zealand
region, aided by the growth of allied research programs at Waikato Uni-
versity and within NIWA (including a shipborne capability on Rapahuia
and Tangaroa), with staff and students often working in collaboration
with overseas scientists aboard visiting research vessels such as the
Sonne, Atalante, and Marion Dufresne. Consequently, the last two de-
cades have witnessed a burgeoning of papers on the paleoceanography
of the southwest Pacific Ocean and Tasman Sea (Thiede, 1979; Griggs et
al., 1983; Stewart and Neall, 1984; Nelson et al., 1985, 1986b, 1993,
2000; Hodell and Kennett, 1986; Carter, L., and Mitchell, 1987; Carter,
L., and Carter, R., 1988; Dudley and Nelson, 1988, 1989; Carter, L.,
1989; Proctor and Carter, 1989; Carter, L., et al., 1990, 1995, 1996,
1999, 2000, 2002a, 2002b; Dersch and Stein, 1991; Fenner et al., 1992;
Barnes, 1994; Carter, L., and McCave, 1994, 1997; Head and Nelson,
1994; Hesse, 1994; Heusser and van de Geer, 1994; Martinez, 1994; van
der Lingen et al., 1994; Flower and Kennett, 1995; Wright et al., 1995;
Weaver et al., 1997, 1998; Ayress et al., 1997; Hiramatsu and De Deck-
ker, 1997; Kowalski and Meyers, 1997; Swanson and van der Lingen,
1997; Thiede et al., 1997; Wells and Connell, 1997; Wells and Okada,
1997; Lean and McCave, 1998; Lewis et al., 1998; Schuur et al., 1998;
Wei, 1998; Barrows et al., 2000; King and Howard, 2000; Nelson et al.,
2000; Sikes et al., 2000, 2002; Hayward et al., 2001; McGlone, 2001; Mc-
Minn et al., 2001; Nelson and Cooke, 2001; Stickley et al., 2001; Cooke
et al., 2002; Findlay and Giraudeau, 2002; Kawahata, 2002; Neil et al.,
submitted [N1]). Increasingly, similar high-resolution stratigraphic
studies are being pursued for New Zealand onland sections as well (e.g.,
Vella, 1973; Hollis et al., 1995; Strong et al., 1995; Kaiho et al., 1996;
Morgans et al., 1999, 2002; Graham et al., 2000; Killops et al., 2000;
Crouch et al., 2001; Hancock et al., 2003; Hollis, 2003, and papers
therein). Paul Vella must be well satisfied!

Eastern New Zealand Sedimentary System

Globally, it is very clear that geological boundaries have a profound
influence on the oceans; after all, land is land, sea is sea, and the conti-
nents are geologically different from the ocean basins. Thus the pres-
ence of land masses and their submerged extensions plays a dominant
role in shaping the disposition of the major ocean currents. Since the
advent of plate tectonics, it has been apparent that it is the dance of the
geological plates that controls the opening of ocean basins and the po-
sition of their gateways and that therefore ultimately shapes the flow of
the world ocean (e.g., Berggren and Hollister, 1977) and the distribu-
tion of marine organisms that possess planktonic larvae or life habits
(e.g., Jenkins, 1993). To a large degree, tectonics also control the loca-
tion and magnitude of the major sources of terrigenous sediment that is
contributed to the world ocean. The resulting interaction between tec-
tonics, sediment supply, and ocean current flows is well epitomized in
the New Zealand area. There, the concept of an Eastern New Zealand
Sedimentary System (ENZOSS) (Carter, L., et al., 1996) was used to char-
acterize a regionally extensive system within which ~2% of the world’s
marine terrigenous sediment flux is currently being provided from—
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and then recycled by oceanographic, tectonic, and volcanic processes
through—the southwest Pacific sector of the Australian/Pacific plate
boundary (see Frontispiece, parts A–E). 

The ENZOSS terrigenous sediment budget is dominated by two major
sources. First, a background supply of sediment is derived from the ero-
sion of actively uplifting mountain chains in South and North Islands,
and, second, an intermittent but voluminous volcaniclastic contribu-
tion was provided by large eruptions in the Coromandel and Taupo vol-
canic zones of the North Island. The Southern Alps, which are
delimited to the west by the Alpine Fault plate boundary, have similar
maximum rates of uplift and summit erosion (up to 10 mm/yr) and
therefore approximate a “steady-state” mountain chain (Wellman,
1979; Adams, 1980; Koons, 1989; Willett and Brandon, 2002). Sediment
is shed eastward from the alpine summits into about eight major river
systems, three of which coalesce to form the 300-km-long braid-plain of
the Canterbury Plains (e.g., Leckie, 1994). The estimated ENZOSS sedi-
ment input from South Island rivers at the east coast is ~40 Mt annually
(Griffiths and Glasby, 1985), despite the presence of large sediment
traps en route in abandoned glacial lake basins (Carter, L., and Carter,
R., 1990). Given adequate precipitation, at glacial lowstands the east
coast sediment input can therefore be expected to have been consider-
ably higher (Carter, L., et al., 2000). On reaching the coast, the riverine
sediment is entrained within a north-traveling transport system (Carter,
L., and Herzer, 1979; Gibb, 1979; Gibb and Adams, 1982), where most
of it is initially deposited in coastal or inner shelf depocenters (An-
drews, 1973; Herzer, 1981; Carter, R., et al., 1985; Carter, L., and Carter,
R., 1986). Abundant terrigenous material is also provided to the North
Island shelf (Lewis, 1973). Griffiths and Glasby (1985) estimated that
eastern North Island rivers provide ~66 Mt of sediment to the east coast
annually. Given such an abundant sediment supply, inshore sedimenta-
tion rates are locally very high in eastern New Zealand, for instance at-
taining >5 m/k.y. in the Clutha River and Poverty Bay depocenters
(Carter, L., and Carter, R., 1986; Foster and Carter, L., 1997). Nonethe-
less, given the efficiency of nearshore sediment entrapment and the
presence of vigorous oceanic currents on both the North (south-travel-
ing East Auckland–East Coast Current) and South (north-traveling
Southland Current) Island shelves (e.g., Heath, 1985) (Fig. F4), the off-
shore shelf is commonly starved of terrigenous sediment (Carter, L.,
1975). For instance, the outer shelf off northern and western North Is-
land (Nelson et al., 1981; Norris and Grant-Taylor, 1989) and eastern
South Island (Powell, 1950; Carter, R., et al., 1985) is the locus of exten-
sive bryozoan-molluscan carbonate deposition (shelly detritus which
often overspills onto the adjacent upper slope; Orpin et al., 1998), a ma-
jor field of phosphatic nodules and glauconite is developed along the
crest of the Chatham Rise (Cullen, 1980), glauconitic sediment also oc-
curs on outer shelf highs east of North Island (Pantin, 1966), and cur-
rent-swept exposed rock platforms occur outside the shore-connected
terrigenous prisms on the outer shelf off Kaikoura, South Island (Carter,
L., et al., 1982) and under the influence of the East Coast Current off
East Cape, North Island (Carter, L., unpubl. data).

If most modern terrigenous sediment is confined to coastal and inner
shelf depocenters and the outer shelf is characterized by condensed car-
bonate-rich sediment or is swept clean by currents, how then does ter-
rigenous sediment from New Zealand reach the deep sea?

Three mechanisms operate to transfer sediment of New Zealand ori-
gin to the deep sea. First is the direct air fall of volcanic ash. For in-

http://www-odp.tamu.edu/publications/181_SR/front.htm
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stance, 120 km3 of epiclastic material was associated with the historic
Taupo eruption of A.D. 186 (Walker, 1980; Carter, L., et al., 1995), and
the older Kawakawa (~26.6 ka) and Rangitawa (~340 ka) eruptions are
estimated to have ejected ~550 km3 (Carter, L., et al., 1995) and ~700
km3 (Froggatt et al., 1986) of ash, respectively (cf. Frontispiece, part A,
inset). Carter, L., et al. (1996) estimated an average air fall ash input
into ENZOSS of ~45 Mt/yr (~0.025 km3/yr) since the last glacial maxi-
mum, and thus individual large volcanic eruptions contribute volumes
of detrital sediment equivalent to ~9,500–12,000 yr of typical riverine
supply from North and South Island combined. The second transfer
mechanism is the collapse of an underconsolidated or oversteepened
outer shelf or upper slope seabed, a common accompaniment of rapid
sediment deposition (e.g., Herzer, 1979) or accretionary wedge tectonics
(Lewis et al., 1998). Seafloor failure is particularly characteristic of the
Hikurangi subduction margin in North Island (Lewis, 1971; Barnes and
Lewis, 1991; Lewis and Pettinga, 1993), where the Matakoa and Ruato-
ria avalanches have been estimated to attain volumes of 600 and 3150
km3, respectively (Carter, L., 2001; Collot et al., 2001). Thus, individual
slides may transfer material downslope equivalent to ~17,000–88,000 yr
of riverine supply to the New Zealand east coast margin. Third, and re-
gionally most widespread, sediment is transferred to the deep sea
through three recently described submarine channels, each of which
debouch into the abyssal Deep Western Boundary Current (DWBC). In
the south, erosional products are transferred from the mountainous
Fiordland region via Southland rivers, Solander Trough, and Solander
Channel to the Emerald Basin and beyond (Carter, L., and McCave,
1997; Schuur et al., 1998). East of South Island, the Bounty Channel
(Carter, R., and Carter, L., 1987; Carter, L., and Carter, R., 1988; Carter,
L., et al., 1990) forms the conduit between the South Island shelf and
East Otago canyon–fan complex and the abyssal Bounty Fan (Carter, L.,
and Carter R., 1993; Carter, R., et al., 1994), which builds out directly
into the path of the DWBC at the mouth of the Bounty Trough (Carter,
R., and Carter, L., 1996). Near the northeastern tip of South Island, the
head of the third Hikurangi Channel, marked by the Kaikoura and
Pegasus canyons, lies at the terminus of the north-traveling South Is-
land shelf sediment system (Carter, L., and Herzer, 1979; Carter, L., et
al., 1982; Lewis and Barnes, 1999). This channel then passes north
along almost the entire North Island margin (Lewis, 1994) before turn-
ing east at latitude 39°S to deliver its sediment load to the Hikurangi
Fan-drift, located beneath the DWBC and 1500 km northward and
downstream from the Bounty Fan (Carter, L., and McCave, 1994; Mc-
Cave and Carter, L., 1997). Of the three channels, the Hikurangi Chan-
nel is unusual because the nearshore location of its head ensures that it
is abundantly supplied with terrigenous sediment today and, therefore,
also during past sea level highstands. In contrast, both the Solander
(Schuur et al., 1998) and Bounty (Carter, R., and Carter, L., 1992) chan-
nels, the heads of which lie well offshore, are inferred to have received a
greater terrigenous sediment supply during periods of Quaternary gla-
cial sea level lowstand. Thus, in a sense, a fourth mechanism of sedi-
ment transfer to the deep sea is eustatic sea level fall, which operated
particularly strongly during the Pliocene–Pleistocene. Indeed, it is ar-
gued by McCave (2002) that on a global basis and a 105 yr timescale,
“sea level pumping” was the principal method of sediment delivery
from the continents to the deep sea throughout the Pliocene–Pleis-
tocene.

http://www-odp.tamu.edu/publications/181_SR/front.htm
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Modern Oceanographic Setting

The circulation of cold, deep Antarctic Bottom Water (AABW) is one
of the controlling factors in the Earth’s heat budget and, ultimately, cli-
mate (Figs. F4, F5). Today, 40% of the flux of cold bottom water enter-
ing the major ocean basins does so through the southwest Pacific
Ocean, as the Pacific DWBC (Frontispiece, part E) (Warren, 1981). The
DWBC is constituted of Circumpolar Deep Water (CDW), which is de-
rived through dense waters sinking around Antarctica and through the
entrainment and mixing of deep Atlantic and Indian Ocean waters by
the wind-driven Antarctic Circumpolar Current (ACC). The DWBC at-
tains an average volume transport of 16 ± 11.9 Sv (= 106 m3/s) at 32°30′S
(Whitworth et al., 1999) and, in the southwest Pacific, comprises three
main divisions: lower CDW, a mixture of new bottom waters generated
around Antarctica (cf. Stickley et al., 2001); middle CDW, derived from
North Atlantic Deep Water (NADW) and marked by a characteristic sa-
linity maximum; and upper CDW, derived mainly from Indian Ocean
outflow and characterized by strong nutrient enrichment and oxygen
depletion. At the approach to the Pacific Ocean, the ACC passes around
and through gaps in Macquarie Ridge and then flows northeast along
and around the eastern edge of the Campbell Plateau. There, the DWBC
is reinforced by the ACC at an estimated rate of 50 Sv and velocities up
to 70 cm/s (Carter and Wilkin, 1999; Stanton and Morris, in press). At
the southern edge of the Bounty Trough (46°S), the main body of the
ACC veers east and continues across the Pacific, leaving the DWBC to
flow northward at depths between ~5000 and ~2000 m, across the
Bounty Fan, around the eastern end of the Chatham Rise through Vale-
rie Passage, northwestward across the eastern boundary of the
Hikurangi Plateau, and finally northward toward the equator along the
Tonga-Kermadec Ridge (Fig. F4).

Higher in the water column, north-spreading AAIW, formed by sub-
duction near the Antarctic Polar Front (AAPF), and Subantarctic Mode
Water (SAMW), formed by seasonal convection at and north of the SAF,
bathe the top and eastern upper flank of the Campbell Plateau at
depths of 400–1500 m (Morris et al., 2001).

The upper ocean east of South Island contains two major frontal sys-
tems. At ~55°S, the east-flowing ACC is bounded to the north by the
SAF (cf. Fig. F1), which here follows the southeastern edge of the Camp-
bell Plateau (Orsi et al., 1995). South of the SAF, the annual mean sur-
face water temperature is <10°C and the nutrient-rich polar ocean is
rich in both phosphate and silica. About 10° latitude north of the SAF at
45°S, the STF separates subantarctic water from subtropical water
(Heath, 1985; Belkin and Gordon, 1996). Cold (Southland Current) and
warm (East Coast Current) currents that have passed around the ex-
tremities of New Zealand continue east along the south and north sides
of the STF along Chatham Rise and merge east of the rise to form the 5-
Sv South Pacific Current of Stramma et al. (1995). (The STF is termed
the Subtropical Convergence, STC, in many previous papers, but this
term also has a more general usage to describe the broad oceanic zone
between ~20° and 50°S where wind stress drives downward Ekman
pumping; therefore, we follow Stramma et al., 1995, in preferring to use
the term STF for the sharp band of enhanced meridional gradients
present at the contact of northern warm and saline subtropical water
and southern cool and relatively fresh subantarctic water.) In the open
ocean the SAF and STF have been shown to migrate laterally by as much
as 6° of latitude during a glacial–interglacial cycle (e.g., Howard and

F5. Water masses, fronts, and cir-
culation patterns, p. 87.
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Prell, 1992; Wells and Connell, 1997). However, modern seasonal
movements of the fronts of at least 2° of latitude may occur also, as, for
example, the STF east of New Zealand (Chiswell, 1994; Kawahata,
2002). In contrast to such seasonal mobility, over the longer term and
through climatic cycles the STF appears to have remained topographi-
cally aligned along the shallow crest of the Chatham Rise (Fenner et al.,
1992; Nelson et al., 1993; Weaver et al., 1998; Sikes et al., 2002).

When referring to ancient water masses whose properties can never
be fully reconstructed, some authors prefer not to use the terminology
of modern water masses. Thus Wright and Miller (1993) use the term
Southern Component Water (SCW) for paleowater masses that origi-
nate in the Southern Ocean. Such terminology may be modified to take
account of presumed depth of origin, as in Southern Component Inter-
mediate Water (SCIW) or Southern Component Bottom Water (SCBW). 

Evolution of Flow through the 
Southwest Pacific Gateway

With respect to the preceding summary and discussion, the ENZOSS
region occupies a key position on the route of the modern global ther-
mohaline circulation system. Nearby tectonic developments affected it
in two different, but interrelated, ways. 

1. First, the New Zealand plateau lay immediately downstream of
the Tasmanian Gateway when, opening to deep water at ~33.7
Ma, it allowed southern Indian Ocean waters to flow through
into the Pacific for the first time (Molnar et al., 1975; Cande et
al., 2000; Exon, Kennett, Malone, et al., 2001). This event was
first recognized as marked by the ubiquitous nondepositional
Marshall Paraconformity in shallow marine sections from New
Zealand (Carter, R., and Landis, 1972; cf. Carter, R., 1985;
Fulthorpe et al., 1996), later proving to be widely present also in
the deep sea (Kennett et al., 1972, 1974; Carter, R., McCave,
Richter, Carter, L., et al., 1999; Exon, Kennett, Malone, et al.,
2001). The paraconformity is associated with a hiatus with a
minimum known length of 3.4 m.y. (32.4–29.0 Ma) (Fulthorpe
et al., 1996) and everywhere separates pre-gateway onlapping or
biopelagic apron sediments below from current-influenced
and—from the early Miocene—increasingly terrigenous offlap-
ping sediments above (e.g., Carter, R., et al., 1991, 1998). Thus,
from ~33.7 Ma onward, the New Zealand region provides a crit-
ical stratigraphic record of the circum-Antarctic and related cur-
rent flows which developed into the modern thermohaline
ocean circulation (Carter, R., et al., 1996). 

2. Second, the establishment of Indian-Pacific throughflow at 33.7
Ma marked the start of the thermal isolation of Antarctica
(Crowell and Frakes, 1970; Kennett, 1977; Kennett and von der
Borch, 1986), which led to glaciation and the development of
southern cold, deepwater flows. Today, these flows provide a pri-
mary forcing mechanism for the thermohaline circulation (e.g.,
Schmitz, 1995; Toggweiler and Samuels, 1993, 1995). As an
abandoned spreading center (Hayes and Ringis, 1973), the
northern end of the Tasman Sea is too shallow to allow through-
flow, so the cold, deep flow is steered through gaps in the Mac-
quarie Ridge complex and, encountering the New Zealand
Plateau athwart its path, it passes into the Pacific around the
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eastern edge of the Campbell Plateau and Chatham Rise, con-
tinuing northward through Valerie Passage and along the Ker-
madec Trench (Carter, L., and Wilkin, 1999). Sediment drifts
deposited from the Pacific DWBC were described by Carter, L.,
and McCave (1994, 1997) and McCave and Carter, L. (1997), and
the Leg 181 drilling described below shows that these drifts con-
tain a high-resolution record of climatic and oceanographic cy-
cling back to ~20.5 Ma and, intermittently, beyond to 27 Ma.

To investigate the development of the New Zealand sector of the glo-
bal thermohaline system as well as related problems such as the eruptive
history of the North Island volcanic arc and the integration of local bio-
stratigraphic zonations into a global stratigraphy, a two-leg drilling pro-
gram was designed. Ocean Drilling Program (ODP) Leg 181 represented
the distillation of this wider program, with a particular focus on drilling
sediment drifts; Table T1 comprises a listing of the sites drilled, and Ta-
ble T2 is a summary of the relevant water masses and fronts. As always
in frontier areas, stratigraphic surprises awaited the drill bit. Less of a sur-
prise, given the latitudes and the late winter drilling period, was that
storms disrupted the intended work program. Nonetheless and despite
severe weather–imposed drilling setbacks at Sites 1120 and 1122, much
was accomplished from our reconnaissance drilling. Leg 181 results con-
firm that the southwest Pacific is a critical region within which to pursue
future studies of the history of the thermohaline current system, the
movements of Southern Hemisphere oceanic fronts, and the production
of thermocline water masses.

PRINCIPAL RESULTS FROM LEG 181

Prior to Leg 181, only one APC-cored drill site, DSDP Leg 90 Site 594,
was located in the ENZOSS region and its record only extends back to
the early Miocene. In composite, Leg 181 drilling retrieved an almost
complete stratigraphic succession of largely deep-marine sediment back
to the late Eocene (37 Ma), together with two high-quality cores (Sites
1121 and 1124) of Late Cretaceous to Paleocene age (67–56 Ma) (Fig.
F6) (McCave et al., in press; Carter, L., et al., in press b). Although it was
unsurprising that the drilling intersected sediments of a wide range of
ages, drilling through the Cretaceous/Tertiary (K/T) boundary at Site
1124 and almost reaching it at Site 1121 were perhaps particularly un-
expected. Overall, sedimentation rates range widely from a low of 0.001
cm/k.y. during the late Neogene for Site 1121, situated under the ener-
getic ACC-DWBC current system, to highs >50 cm/k.y. on the turbidity
current–supplied abyssal Bounty Fan (Site 1122) and >120 cm/k.y. on
the Canterbury upper slope (Site 1119). Significant paraconformities
with attendant hiatuses lasting up to many millions of years occur at
most sites and indicate phases of erosive bottom flow both in the pre-
modern (Eocene) Pacific and, after 33.5 Ma, under the ACC-DWBC sys-
tem. 

Including the results of earlier drilling, which sampled sediments of
early–middle Eocene and early Oligocene age (Leg 29, Sites 277 and
278), after Leg 181 drilling an almost complete Late Cretaceous to
Holocene deep-marine stratigraphic record is now available for the New
Zealand region for the first time. Detailed study of this data set has al-
ready led to significant advances in regional southwest Pacific stratigra-
phy, micropaleontology, and paleoceanography. We summarize below

T1. Leg 181 drill sites, p. 109.

T2. Water masses and features, 
ENZOSS sector, p. 110.

F6. Stratigraphic data for south-
west Pacific and Southern Ocean 
sites, p. 88.
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research completed using Leg 181 samples up until mid-2002. As
proved to be the case for the earlier Leg 90 cores, however, we antici-
pate that many further studies will be based on Leg 181 data sets over
the next decade, and even beyond.

Stratigraphy and Biostratigraphy

The primary source for stratigraphic information about sites drilled
during Leg 181 is the Leg 181 Initial Results volume (Carter, R., McCave,
Richter, Carter, L., et al., 1999). Since completion of that volume, how-
ever, more refined age models have been prepared for the upper 100
meters composite depth (mcd) of Site 1119 (Carter, R., et al., in press)
and for Sites 1121 (Graham et al., in press), 1122 (Wilson et al., 2000a),
and 1123 (Wilson et al., 2000b). Detailed paleontologic zonation stud-
ies have been completed on Paleocene radiolarians from Site 1121 (Hol-
lis, 2002), Eocene–Oligocene nannofossils from Sites 1123 and 1124
(McGonigal and Di Stefano, this volume), late Miocene bolboforms
and planktonic foraminifers from Site 1123 (Crundwell, in press), and
Pliocene–Pleistocene phytoplankton (Wei et al., submitted [N2]; Fenner
and Di Stefano, in press). These studies are summarized below. 

Age Model for Upper 100 mcd, Site 1119, Canterbury Slope

The high terrigenous content of the upper slope muds at Site 1119 is
not ideal for microfossil studies. Furthermore, the mineralogy also
proved to be unfavorable for preserving a depositional remanent mag-
netism (Carter, R., McCave, Richter, Carter, L., et al., 1999). Thus the
shipboard age model was tentative and predicted an age of ~0.7 Ma at
100 mcd. Utilizing accelerator mass spectrometric radiocarbon dates
and the onboard multisensor track (MST) gamma radiation record,
Carter, R., et al. (in press) erected a detailed age model for the upper
part of the core based on matching climate cycles between Site 1119
and the Vostok ice core (Petit et al., 1999, but using the amended age
model of Shackleton, 2000). The upper 86.19 mcd of Site 1119 was de-
posited in the last 0.252 m.y. during marine isotope Stages (MIS) 1–8.
The underlying sediments to 100 mcd, beneath a ~25-k.y.-long intra-
MIS 8 unconformity at 86.19 mcd, represent MIS 8.5–11 (0.278–0.370
Ma) (Fig. F7).

Age Model and Sedimentation History, Site 1121, Campbell 
“Skin Drift”

Southernmost Site 1121 is located on a body of sediment that runs
along the base of the Campbell Plateau in water depths of ~4500 m.
Rather than the anticipated Neogene drift succession, drilling revealed
that the extensive sediment body visible on seismic records comprises a
Paleocene siliceous biopelagic sediment apron overlain by a thin Fe-Mn
nodule–bearing “skin drift” of foraminiferal sand and light to dark
brown clay that encompasses the Neogene history of the DWBC. Ship-
board paleontological and paleomagnetic data were interpreted to indi-
cate slow sedimentation rates, ages of ~3.6 Ma at ~3.0 meters below
seafloor (mbsf) and ~56 Ma at ~30 mbsf, and Paleocene (>55 Ma) radio-
larians possibly in situ for all depths below 19.4 mbsf. 

Postcruise measurements (Graham et al., in press) showed that 10Be/
9Be values both for the sediments and for entrapped Fe-Mn nodules de-
crease systematically with depth, consistent with radioactive decay.

F7. Climatic records compared 
with the insolation curve, p. 89.
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However, the 10Be/9Be sediment and nodule values diverge from ~3
mbsf to the top of the core, allowing several alternative geochronologi-
cal models. The preferred age model assumes that the measured 10Be/
9Be ratios of the nodule rims reflect the initial 10Be/9Be ratio of contem-
porary seawater, and these ratios are then used to derive the true age of
the sediment where the nodules occur. Graham et al. (in press) thus in-
fer an age of ~17.5 Ma (early Miocene) at only ~7 mbsf in the Site 1121
core (Fig. F8). Calculated sedimentation rates range from 8 to 95 cm/
m.y., with an overall rate to 7 mbsf of 39 cm/m.y. The lowest rates coin-
cide with the occurrence of trapped nodules and are interpreted to re-
flect periods of increased bottom current flow that caused net sediment
loss. The growth rates of individual nodules decrease toward the top of
the core, which is suggestive of an overall increase in the vigor of the
DWBC from ~10 Ma to the present. The lithologic Subunit IA/IB
boundary at 15.2 mbsf, below which the sediment is uniform yellow
clay with nodules and broken layers of chert, therefore probably marks
the start of DWBC activity and represents the abyssal manifestation of
the Marshall Paraconformity. 

Hollis (2002; see further description below) described the detailed ra-
diolarian biostratigraphy of the underlying in situ Paleocene sediments
(~40–140 mbsf) at this site that represent the eroded residuum of the
postrift pelagic apron of the New Zealand Plateau. 

Age Model and Sedimentation History, Site 1122, Abyssal 
Bounty Fan

The Bounty Fan developed across the path of the DWBC at the
mouth of the Bounty Trough, 800 km east of eastern South Island. Site
1122 (water depth = 4432 m) was cored ~627 m into a left bank fan
levee succession that was deposited under the influence of both east-
traveling (and north-overspilling) turbidity currents emanating from
the Bounty Trough and the north-flowing DWBC. Core recovery was
complete using the APC to 104 mbsf but averaged only 47% between
104 and 627 mbsf because of loss of turbidite sands during rotary drill-
ing (Carter, R., McCave, Richter, Carter, L., et al., 1999). Wilson et al.
(2000a) showed that above ~520 mbsf shipboard paleomagnetic results
are mostly confirmed by measurements of stepwise-demagnetized dis-
crete paleomagnetic samples. However, between ~520 and 610 mbsf,
discrepancies between discrete sample and shipboard measurements re-
quired the revision of the shipboard magnetostratigraphy. 

Integration of the paleomagnetic stratigraphy with 30 shipboard mi-
crofossil datums and indicators provides a reliable chronology and age
model for the Site 1122 sequence down to ~520 mbsf (Wilson et al.,
2000a). Significant unconformities occur at ~5 Ma (~485 mbsf), be-
tween middle Miocene and early Pliocene drift sediments, and at ~2.2
Ma (~440 mbsf), which corresponds to an increased sedimentation rate
and the arrival of the first turbidite sediment from the Bounty Trough
and Channel.

Age Model and Sedimentation History, Site 1123, North 
Chatham Rise

Deposition of the North Chatham Drift beneath the DWBC began at
20.5 Ma and has continued virtually uninterrupted up to the present
day (Carter, R., McCave, Richter, Carter, L., et al., 1999). The drift is
~600 m thick at Site 1123 and overlies a 13-m.y. hiatus (33.5–21.0 Ma)

F8. 10Be stratigraphy and age pro-
file, Site 1121, p. 90.
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identified as the regionally pervasive Marshall Paraconformity. Core re-
covery was nearly complete to ~390 mcd, but below that level recovery
using the extended core barrel (XCB) was incomplete. Comparison be-
tween downhole and core magnetic susceptibility records demonstrates
that sediment loss was distributed throughout the length of each core
run (Wilson et al., 2000b). Linear stretching of the magnetic susceptibil-
ity records from short core recovery runs were matched to downhole
logging data, thus allowing the reconstruction of a complete deposi-
tional record of the North Chatham Drift. Chronology from shipboard
paleomagnetism (Carter, R., McCave, Richter, Carter, L., et al., 1999)
was confirmed by measurement of 256 stepwise demagnetized discrete
paleomagnetic samples. Integration of the paleomagnetic stratigraphy
with 47 shipboard microfossil datums indicates that an almost com-
plete sequence of magnetic polarity reversals (including one new rever-
sal, C5ADn1r) is preserved (Figs. F9, F10). 

Site 1123 is located adjacent to Valerie Passage and distant from ter-
rigenous sediment sources. The sediment contains 40–80 wt% carbon-
ate throughout the core. The cyclic variations in sedimentation rates
observed at the site result from a combination of the waxing and wan-
ing of DWBC flow and variation in biopelagic productivity (Hall et al.,
2002). The most dramatic variation occurred in the middle Miocene,
when sedimentation rates slowed between 15 and 13.5 Ma and then in-
creased fourfold after 13.5 Ma. Sedimentation was fairly constant be-
tween 12 and 7.5 Ma, waned slightly at 7.5 Ma, and decreased by half
between 7 and 5 Ma. Sedimentation increased again briefly in the early
Pliocene (~3.2–2.8 Ma), after which sediment accumulation remained
relatively constant throughout the rest of the Pliocene–Pleistocene.
Comparison with benthic oxygen isotope and sortable silt records (see
Hall et al., 2001) suggests that these variations in sedimentation rate
represent fluctuations in bottom water production and DWBC flow
rate, driven by variations in a cooling Antarctic climate and/or in ice
volume, processes that were well under way by the early Miocene (Hall
et al., 2003).

Paleocene Radiolarian Biostratigraphy, Site 1121

A 100-m-thick Paleocene sequence of pelagic siliceous and nannofos-
sil-bearing chalky sediment was recovered from Site 1121, at the eastern
foot of the Campbell Plateau (Carter, R., McCave, Richter, Carter, L., et
al., 1999; Hancock and Dickens, this volume). Hollis (2002) showed
that the lower 40 m of this succession contains a low-diversity radiolar-
ian fauna of early to early late Paleocene age (Zones RP4 and RP5; ~63–
59 Ma), similar to faunas already described from onland New Zealand
and at DSDP Leg 21 Site 208 from the northern Lord Howe Rise (Fig.
F11). The upper 60 m contains diverse middle–late Paleocene (Zone
RP6) assemblages that differ from their counterparts elsewhere in their
richness in plagiacanthids and cycladophorids, perhaps suggestive of
cool-water conditions. The 150 Paleocene taxa so far recorded from Site
1121 are estimated to represent only about one-half of the complete ra-
diolarian species diversity at the site. 

An age model based on well-constrained nannofossil and radiolarian
datums indicates that the rate of compacted sediment accumulation
doubled from 1.5 to 3 cm/k.y. at the RP5/RP6 zonal boundary (~59 Ma).
This results in large part from a sudden and pronounced increase in ac-
cumulation rates for all siliceous fossils; overall, radiolarians and larger
diatoms increase from <100 to >10,000 specimens/cm2/k.y. This in-

F9. Paleomagnetic and biostrati-
graphic data, Site 1123, p. 91.
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crease in biosiliceous productivity corresponds to the 59- to 57-Ma mid-
dle Paleocene cooling event, which is marked by the heaviest δ13C
values known for the entire Cenozoic (cf. Fig. F19).

Site 1121 radiolarian faunas provide an exciting new opportunity for
linking Cretaceous–Cenozoic transition sediments in the South Pacific
to the rest of the world. Cores recovered from the site contain the rich-
est and most diverse late Paleocene radiolarian assemblages known
from the Southern Hemisphere. Correlation with the North Atlantic in
Zone RP6 is indicated by the presence of Aspis velutochlamydosaurus,
Plectodiscus circularis, and Pterocodon poculum. Other species, including
Buryella tetradica and Buryella pentadica, are valuable for local correla-
tion but exhibit considerable diachroneity when their ranges are com-
pared between the Pacific, Indian, and Atlantic Oceans.

Eocene–Oligocene Nannofossil Biostratigraphy, Sites 1123 
and 1124

Holes 1123C and 1124C penetrated middle Eocene–early Oligocene
sediments that contain moderately to poorly preserved calcareous nan-
nofossils. Younger DWBC sediments at these sites consist of alternating
white clay-bearing nannofossil chalk and light greenish gray clayey
nannofossil chalk (late Oligocene at Site 1124 and early Miocene at Site
1123), which overlie alternating white and light gray micritic limestone
(late Eocene–early Oligocene) and red, yellow, pink, and brown mud-
stone (Paleocene and Eocene). McGonigal and Di Stefano (this vol-
ume) report that although the nannofossil assemblages show signs of
dissolution and overgrowth, key marker species can be identified. The
early Oligocene sediments are distinctly separated from the overlying
Neogene succession by the Marshall Paraconformity, a regional marker
of environmental and sea level change (Carter, R., 1985).

Age-depth models were constructed using nine nannofossil age da-
tums and three magnetostratigraphic datums. There is good agreement
between the biostratigraphy and magnetostratigraphy. The age model
for Site 1123 indicates that the Marshall Paraconformity here spans
~21–33.5 Ma, suggesting that current speeds precluded deposition at
the site and perhaps corroded and eroded older sediments for more
than the first 10 m.y. of DWBC flow. At Site 1124, the succession is dis-
rupted by three major paraconformities, of which the youngest equates
with the Marshall Paraconformity and spans ~26.1–31.8 Ma. Two older
hiatuses are a 3-m.y. gap that separates early Oligocene and middle
Eocene sediment (~34–37 Ma) and a ~19-m.y. gap between middle
Eocene mudstone and middle Paleocene nannofossil-bearing mudstone
(~58–39 Ma). 

Nannofossil information from Sites 1123 and 1124 indicates that the
Eocene–Oligocene transition in eastern New Zealand was a time of fluc-
tuating biota, in sympathy with the pulsed development of bottom cur-
rents. The widespread presence of the Marshall Paraconformity is
consistent with other evidence for the development of DWBC and
other flows along the New Zealand margin at that time. The hiatuses at
Site 1124 that predate the Marshall Paraconformity may have devel-
oped under the influence of Paleogene south-flowing currents (see dis-
cussion in “Late Cretaceous–Late Eocene Rift-Drift: Start of the
Kaikoura Synthem,” p. 38, in “ENZOSS Revisited: The History of Pa-
cific Deep Flow”).
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Late Miocene Bolboforms and Planktonic Foraminifer 
Biostratigraphy, Site 1123

Bolboforms are calcareous spinose marine microfossils inferred to
have been phytoplankton. Their distinctive and changing morpholo-
gies and high resistance to dissolution make bolboforms important in-
dex fossils with which to supplement calcareous foraminifers and
calcareous nannofossils. They occur particularly in middle to high lati-
tudes in both hemispheres and have a stratigraphic record that extends
back to the Paleogene (Cooke et al., 2002).

Crundwell (in press) established a high-resolution late Miocene bio-
stratigraphy for the southwest Pacific using bolboforms and planktonic
foraminifers from Site 1123, which also has an exceptionally complete
magnetostratigraphic and astrochronologic record (Wilson et al.,
2000b). The biochronologic model is based on dissolution-resistant spe-
cies and morphotypes and is constrained by 33 bioevents that also oc-
curred at DSDP Site 593 (Challenger Plateau, northwest of New
Zealand). Well-constrained bolboform events include the total range
zones of Bolboforma subfragoris s.l. (11.56–10.50 Ma), Bolboforma gruetz-
macheri (10.46–10.31 Ma), Bolboforma capsula (10.20–10.13 Ma), Bolbo-
forma pentaspinosa (10.15–10.08 Ma), Bolboforma gracilireticulata s.l.
(9.75–9.61 Ma), lower Bolboforma metzmacheri s.s. Subzone (9.54–9.34
Ma), upper Bolboforma metzmacheri s.s. Subzone (9.01–8.78 Ma), Bolbo-
forma metzmacheri ornata (8.45–8.25 Ma), Bolboforma praeintermedia
(8.25–8.21 Ma), and distinctive abundance spikes associated with the
upper B. subfragoris s.l. Subzone (10.61 Ma) and the lower B. metzmach-
eri Subzone (9.44 Ma) (Fig. F12). Planktonic foraminiferal events in-
clude well-defined intervals of dextral coiling excursions in Globoconella
miotumida (10.93–10.82 and 9.62–9.42 Ma), the regional disappearance
of Globoquadrina dehiscens (8.88 Ma), an acme zone of Truncorotalia jua-
nai (7.23–6.23 Ma), and the evolutionary appearances of Globoconella
conomiozea (~6.87 Ma), Globoconella mons (~5.72 Ma), Globoconella
sphericomiozea (~5.53 Ma), Globoconella pliozea (~5.39 Ma), and Glob-
oconella puncticulata (~5.28 Ma).

The close fit of the biostratigraphic data to a linear line of correlation
between DSDP Site 593 and ODP Site 1123 and the consistency of the
stratigraphic ordering of events suggest that most of the biostrati-
graphic events recognized are near synchronous. This correlation also
shows that late Miocene sedimentation rates were in phase between the
two sites, despite their 1400-km separation and accumulation beneath
different water masses. Although the age model is based on only two
oceanic sites, it establishes for the first time a high-quality late Miocene
biochronostratigraphic framework for the temperate southwest Pacific
Ocean and Tasman Sea regions.

Pliocene–Pleistocene Nannofossil Biostratigraphy, Sites 
594 and 1125

DSDP Site 594 and ODP Site 1125 both have an established stratig-
raphy which, together with their respective location on the cooler and
warmer sides of the STF, makes them particularly useful for calibration
of regional nannofossil stratigraphies in the southwest Pacific. Based on
correlation between these and other mid-latitude sites (DSDP Leg 90,
Sites 593, 590, and 588), Wei and Chen (submitted [N3]) assessed the
Southern Hemisphere synchroneity of eight commonly used nannofos-
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sil datum levels. These bioevents and their new age assignments are as
follows:

1. The first occurrence datum (FAD) of Emiliania huxleyi in MIS 8
(~0.26 Ma);

2. The last occurrence datum (LAD) of Pseudoemiliania lacunosa in
MIS 12 (~0.46 Ma);

3. The LAD of Calcidiscus macintyrei at ~0.9–1.1 Ma, which is
much younger than its LAD in Southern Hemisphere low lati-
tudes;

4. The FAD of medium-sized Gephyrocapsa spp. at ~1.61–1.73 Ma
(i.e., slightly younger than the top of the Olduvai Chron);

5. The LAD of Discoaster brouweri at 2.17 Ma, slightly older than
that for low latitudes;

6. The LAD of Reticulofenestra pseudoumbilica at 2.57 Ma at Site
1125 and 1.03 Ma at Site 594, which indicates strong diachro-
neity for this species and, perhaps, a water mass control;

7. The LAD of Discoaster surculus at 2.65 Ma, this early disappear-
ance probably being related to a paucity of discoasterids in
general; and 

8. The FAD of Pseudoemiliania lacunosa at 3.95 Ma at Site 594 and
3.58 Ma at Site 1125.

In addition, the timing of two other stratigraphically useful nanno-
events remains unchanged from previous determinations, namely

1. The acme of Emiliania huxleyi in MIS 3–4 (between 0.06 and
0.08 Ma) and

2. The reentry of medium-sized Gephyrocapsa at 1.03–1.05 Ma,
within the Jaramillo Subchron.

Because of the rarity of some age-diagnostic species, this biozonation is
broader than the conventional low-latitude nannofossil biozonation.
Nevertheless, the new southwest Pacific biozones are an important aid
for correlating sites within and across the transitional water masses and
temperatures of the STF.

MIS 1–5 Phytoplankton Stratigraphy for the Eastern New 
Zealand Region

Fenner and Di Stefano (in press) used population censuses of late
Quaternary calcareous nannofossil and diatom assemblages to develop
a quantitative calcareous nannofossil stratigraphy for the area near the
STF. Five core sites near Chatham Rise and on both sides of the STF were
selected for study (NIWA core Q 858, DSDP Site 594, and ODP Sites
1120, 1121, and 1123). Stratigraphic marker species used to establish
the general age of the studied cores include Emiliania huxleyi (FAD =
0.28–0.268 Ma), Fragilariopsis reinholdii (LAD = 0.65 Ma), Fragilariopsis
fossilis (LAD = 0.70 Ma), and Fragilariopsis doliolus (FAD = 1.8 Ma). The
top sections of all cores fall within the stratigraphic range of E. huxleyi
and are therefore younger than 0.268 Ma (early MIS 7). Detailed age
constraints were developed using oxygen isotope stratigraphy, tephro-
chronology, and 14C age determinations for two sites north of the
Chatham Rise (NIWA piston core Q858 [Fenner et al., 1992] and Site
1123 [Hall et al., 2001]) and one site south of the Chatham Rise (Site
594 [Nelson et al., 1993]). Correlation shows that mid–late Holocene
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sediment is missing at both Sites 1123 and 594, perhaps due to core-top
drilling disturbance. 

Based on this stratigraphy, abundance changes were determined for
phytoplankton species that are present both north and south of the
Chatham Rise. Five nannofossil abundance shifts were identified that
apparently occur synchronously both north and south of the Chatham
Rise:

1. A changeover in abundance of Calcidiscus leptoporus (dominant
in MIS 1) and Coccolithus pelagicus (dominant in MIS 2) at the
MIS 1/2 boundary.

2. The base of the upper acme of Emiliania huxleyi in early MIS 2.
3. The acme of Helicosphaera carteri within MIS 3, the stratigraphi-

cally lower abundance peak of which is selected as a datum;
4. A large drop in abundance of Gephyrocapsa muellerae at or

slightly earlier than the MIS 4/3 boundary; and
5. A sharp increase in abundance of Coccolithus pelagicus within

MIS 5a.

In contrast to the nannofossils, the diatom assemblages largely comprise
species that are restricted to one side of the Chatham Rise. No strati-
graphically useful diatom abundance changes were found among taxa
that are common both north and south of the rise. The only consistent
event is a peak of Thalassionema nitzschioides in MIS 3 that coincides
with the abundance peak of the nannofossil Helicosphaera carteri and
may correlate with the MIS 3.2 isotope event (Martinson et al., 1987).
Despite this lack of quantitative stratigraphic indicators, T. nitzschioides
and Rhaphoneis surirelloides are more abundant in sediments deposited
during cooler times (MIS 2–4) and Paralia sulcata is more abundant in
sediments deposited during warm intervals.

The newly defined calcareous nannofossil datums are based on
prominent species’ abundance shifts within the past 130 k.y. and can be
applied throughout the subtropical to subantarctic region east of New
Zealand. Where a stable oxygen isotope record is not available, the nan-
nofossil datums can be used to correlate between cores and to calculate
sedimentation rates.

Other Paleontology

Leg 181 drilling complemented earlier DSDP work in the New
Zealand area, especially the exceptional cores that were retrieved from
Leg 29 Site 277 and Leg 90 Sites 593 and 594, to provide for the first
time a combined deep-ocean record that spans the entire Cretaceous–
Cenozoic tectonosedimentary cycle (Kaikoura Synthem). Substantial
advances are thereby being made in our knowledge of Southern Hemi-
sphere mid-latitude biostratigraphy (see previous section) and in the
wider application of Leg 181 micropaleontologic analysis. Other post-
cruise studies, summarized below, apply paleontology to evolutionary
and paleoceanographic problems.

Evolution Rates in Deep-Sea Benthic Foraminifers

Deep-sea foraminifer species have an estimated low background
turnover rate of 2%/m.y. (McKinney, 1987). The most severe extinc-
tions of deep-sea foraminifers, with a loss of 30%–50% of species, oc-
curred during the Paleocene/Eocene Thermal Maximum (PETM) (~55
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Ma) (van Morkhoven et al., 1986; MacLeod et al., 2000) and is inferred
to have resulted from oxygen-poor, warm bottom waters coupled with
changes in surface productivity (Katz et al., 1999). Extended periods of
slightly enhanced extinction rate have also been identified globally in
the late Eocene–early Oligocene (36–30 Ma), the middle Miocene (16–
12 Ma) (Weinholz and Lutze, 1989), and the middle Pleistocene
(dubbed the “Stilostomella extinction” after the family Stilostomellidae,
which died out at this time; Schonfeld, 1996).

The Stilostomella event was first identified in the Atlantic Ocean,
where 10 benthic foraminiferal species from six genera are reported to
have disappeared between 1.0 and 0.6 Ma (Lutze, 1979; Thomas, 1987);
extinctions occurred 0.1–0.2 m.y. earlier at depths >3000 m and in
southern latitudes (Weinholz and Lutze, 1989; Schonfeld, 1996). Mid-
dle Pleistocene extinctions of some of these taxa have also been re-
corded from several sites in the Indian Ocean (Gupta, 1993) and the
Pacific Ocean (Schonfeld and Spiegler, 1995). Hayward (2001, 2002)
used new samples available from Leg 181 sites to reassess the nature of
the Stilostomella event in the southwest Pacific. This event is associated
with the disappearance of at least 2 families, 15 genera, and 48 species
of dominantly uniserial, elongate foraminifers with distinctive aper-
tural modifications (i.e., ~15%–25% of the fauna). These taxa progres-
sively dwindled in number and became extinct during glacial periods
throughout the late Pliocene to middle Pleistocene (~2.5–0.6 Ma), with
most extinctions occurring between 1.0 and 0.6 Ma, at the time of the
middle Pleistocene transition (MPT) (Fig. F13). Hayward’s are the first
high-resolution studies of the Stilostomella extinction event, and they
indicate that the event was far more significant for deep-sea diversity
loss than the 10-species extinction previously reported. The middle
Pleistocene extinction of elongate benthic foraminifers was the most
dramatic last phase of a worldwide decline in their abundance that be-
gan during cooling near the Eocene/Oligocene boundary and contin-
ued until at least the middle Pleistocene.

Modern Benthic Foraminiferal Associations and Their 
Paleoceanographic Implications

Hayward et al. (2001) used cluster analysis and correspondence anal-
ysis to study the distribution of benthic foraminiferal faunas from grab
samples, piston core tops, and DSDP and ODP core tops at sites located
east of New Zealand over a water depth range of 90–4700 m. A total of
465 benthic taxa were identified, of which 139 are new records for the
New Zealand region. The relative abundance of common species, spe-
cies associations (six of which are delimited by the cluster analysis), up-
per depth limits of key benthic species, and the relative abundance of
planktonic foraminifers are the most useful proxies for estimating
paleobathymetry. In a further development, Hayward et al. (2002) re-
ported on the environmental factors that principally determine benthic
foraminiferal associations in the southwest Pacific area. Important fac-
tors—all of which are related to water depth—include dissolved oxygen
content, seasonality of food supply, organic carbon flux, advection of
water masses, bottom water carbonate corrosiveness, benthic energy
state at the boundary layer, and grain size distribution of the seabed.

Hayward et al. (in press) performed benthic foraminiferal censuses
(336 species) and fragmentation estimates on 85 Neogene samples from
Site 594 and Sites 1120–1125 (Fig. F14). Sample associations were deter-
mined using cluster analysis and canonical correspondence analysis,

F13. Benthic foraminifers 
affected by the “Stilostomella 
event,” p. 95. 
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which showed that the foraminiferal groupings are most strongly influ-
enced by bathymetric depth, reflecting water mass stratification, and
age, reflecting biotic evolution. Three intervals of foraminiferal taxo-
nomic turnover occur at 16–15, 11.5–10, and 2–0.5 Ma and are inferred
to correspond to intervals of enhanced cooling and increased surface
water productivity; the late Pliocene–middle Pleistocene Stilostomella
extinction culminated at the MPT. Significant differences between
lower bathyal faunas north and south of the Chatham Rise suggest the
presence of an oceanic front (predecessor of the STF) along the rise
since at least the early Miocene. Modern AAIW benthic associations
were established north of the Chatham Rise at 10–9 Ma and south of it
at 3–1.5 Ma. Middle–upper bathyal faunas on the Campbell Plateau are
dominated by reticulate bolivinids during the early and middle Mio-
cene, indicative of sustained productivity above relatively sluggish,
poorly oxygenated bottom waters. Faunal changes and sediment hia-
tuses indicate increased current vigor over the Campbell Plateau since
the latest Miocene. 

Downcore studies for planktonic foraminiferal fragmentation indices
show significant amounts of abyssal carbonate dissolution throughout
most of the Neogene, peaking at upper abyssal depths in the late Mio-
cene (11–7 Ma), with the lysocline progressively deepening thereafter.
Peak abundances of Epistominella umbonifera indicate an increased in-
put of cold SCW to the DWBC at 7–6 Ma. Faunal association changes
imply establishment of the modern oxygen minimum zone (upper
CDW) in the latest Miocene. Faunal assemblage changes are consistent
with stepped increases in productivity at 16–15, 3–1.5, and 1–0.5 Ma,
whereas benthic taxonomic turnover was concentrated at 16–15, 11.5–
10, and 2–0.5 Ma. These microfaunal changes are interpreted in terms
of the pulsed, sequential development of southern, and later northern,
polar glaciation, with consequent cooling of bottom waters, increased
vertical and lateral stratification of ocean water masses, and increased
surface water productivity.

Middle–Late Pliocene Foraminiferal Censuses and Sea-
Surface Temperatures, Site 1125, North Chatham Rise

Sabaa et al. (in press) conducted planktonic foraminiferal census
counts to estimate middle–late Pliocene (4.0–2.37 Ma) sea-surface tem-
peratures (SSTs) in cool subtropical waters at Site 1125, presently just
north of the STF. Using the modern analog technique (MAT), SSTs at
this location are estimated to have often been cooler than both modern
and last glacial SSTs, although there were brief periods when tempera-
tures were 1°–2°C warmer than today. Specifically, summer temperature
maxima were 1°–2°C warmer than present day and winter temperature
minima were 6°–10°C cooler, but the warm maxima were brief and
spasmodic. Major cooling excursions of 6°–10°C occurred at 3.35, 3.0,
and 2.8 Ma, and minor coolings of shorter duration and lower magni-
tude (~4°C cooling) occurred at 2.7 and 2.4 Ma. These results demon-
strate episodes of strong cooling in the middle–late Pliocene of the
subtropical southwest Pacific. The coolings might be a regional effect
or, alternatively, could stem from increased upwellings of cold interme-
diate water or from northward migrations of the STF. Sabaa et al. (in
press) prefer the regional cooling interpretation because of the evidence
that exists for mid-Pliocene cooling in other regions of the western Pa-
cific (e.g., Andersson, 1997; Heusser and Morley, 1996), despite the in-
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ferred occurrence of an overall global warming at this time (Dowsett et
al., 1996).

Deep-Sea Record of New Zealand Pliocene–Pleistocene 
Palynomorphs, Site 1123

Site 1123 possesses a robust chronology, the upper part of which is
based on the astronomical tuning of the benthic foraminiferal δ18O
record (Hall et al., 2001, 2002). The ~180-m-thick Pliocene–Pleistocene
sequence at the site represents the best continuous record of climate
and vegetation change covering the last 5.25 m.y. in the New Zealand
region. Mildenhall (2003) and Mildenhall et al. (in press) used censuses
of the terrestrial pollen and spore record at the site in order to deter-
mine (1) how variations in terrestrial palynomorph assemblages are re-
lated to global climate cycles and regional climatic/oceanographic
processes and (2) the degree to which New Zealand’s terrestrial vegeta-
tion was influenced by major climatic changes associated with the MPT
at ~0.92–0.62 Ma. Despite the long distance from shore and relatively
great water depth (3290 m), palynomorph abundance is more than ade-
quate at Site 1123 to demonstrate a strong correlation between the or-
bitally tuned marine record and climatically controlled changes in
terrestrial vegetation (Fig. F15).

Pollen and spores from a range of terrestrial environments are
present in all samples, but overall the recovered palynomorph assem-
blages are derived from regional podocarp/hardwood forest vegetation
from the southern part of North Island, New Zealand. Angiosperm pol-
len, although generally sparse, are dominated by Nothofagus, whereas
robust buoyant spores such as Cyathea and bisaccate pollen such as
Podocarpus/Prumnopitys are overrepresented. This overrepresentation
probably results from the ability of these taxa to float great distances.
Gradual changes occur in the dominant pollen types, with more meso-
thermal taxa (e.g., Brassospora) in the Pliocene and early Pleistocene
and fewer mesothermal taxa (e.g., Fuscospora and podocarp conifers) in
the middle and late Pleistocene. This suggests a gradual change from
warm, humid, and perhaps cloudy conditions to a cooler, drier climate
as the global climate deteriorated. Superimposed on this long-term
change are more intense glacial–interglacial cycles in which glacial peri-
ods are enriched in Halocarpus, Phyllocladus, Nothofagus fusca type, and
Coprosma pollen relative to the interglacial flora with Cyathea, tall tree
Podocarpus/Prumnopitys, and Dacrydium cupressinum. Time series analysis
indicates that the vegetation record is covariant with marine climate
proxies (as represented by carbonate content) and that it is strongly co-
herent at the 41- and 100-k.y. Milankovitch frequencies. This is the first
time that terrestrial pollen changes have been shown to occur almost
exactly in phase with a marine climatic signal. A pronounced increase
in amplitude and a coeval lengthening of climate cycles from 41 to 100
k.y. occurs between 0.92 and 0.62 Ma and provides a rare vegetation
record during the fundamental MPT reorganization of Earth’s climate
system.

Planktonic Foraminiferal Evidence for Late Pliocene–
Quaternary Paleocirculation about Chatham Rise, Site 1123

Scott and Hall (in press) used MAT, ordinations, and minimum span-
ning trees to compare 32 foraminiferal assemblages from Site 1123 with
35 core-top assemblages collected between 35° and 61°S east of New

F15. Pollen and spores, Site 1123, 
p. 97.
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Zealand (Fig. F16). Many Site 1123 faunas in the 2.7-m.y. interval sam-
pled are transitional between colder- and warmer-water assemblages,
similar to core-top faunas along the crest of the Chatham Rise. This re-
sult is consistent with earlier studies from this region and suggests that
the STF was positioned over the Chatham Rise through glacial and in-
terglacial periods at least back to the late Pliocene. Other assemblages
are rare, but one at 1.165 Ma closely resembles core-top assemblages be-
tween 44° and 48°S and may identify cooler surface water. 

The dominance of Globoconella inflata is a principal feature of Site
1123 assemblages, but across the MPT this species is generally present
in subordinate numbers to dextral specimens of Neogloboquadrina
pachyderma. There are no close core-top analogs for such faunas, but
other data show that they develop in high biomass water associated
with upwelling or mixing. The proportion of sinistrally coiled N. pachy-
derma rises to 0.6 between 2.45 and 2.57 Ma, soon after the intensifica-
tion of Northern Hemisphere glaciation. Although the coiling data
indicate subantarctic near-surface water, the species remains rare and
the assemblage overall is still of transitional character. Therefore, proba-
bly only minor entrainment of subantarctic water occurred. 

A new high-resolution census study of planktonic foraminifers across
the MPT has begun (M.P. Crundwell and G.H. Scott, unpubl. data). This
MIS 27–12 (0.44–1.00 Ma) interval is relatively free from carbonate dis-
solution, and the coiling signature of N. pachyderma in the census prob-
ably identifies further periods in which subantarctic near-surface water
was introduced into the subtropical gyre. Such colder-water assem-
blages also contain increased proportions of sinistral N. pachyderma, to
the extent that they are sometimes present in subequal numbers to dex-
tral specimens. 

Deep Ocean Record of Late Neogene Volcanism:
Coromandel and Taupo Volcanic Zones

The Quaternary Taupo Volcanic Zone (TVZ) is Earth’s most produc-
tive modern rhyolitic center (Wilson et al., 1995a, 1995b), but many de-
tails of its history—and those of its western predecessor, the Miocene–
Pliocene Coromandel Volcanic Zone (CVZ)—remain unknown. Previ-
ous research was based mainly on terrestrial records, which are affected
by tectonism, erosion, and burial beneath successive volcanic deposits
(Shane, 2000; Wilson, 1994). Leg 181 provided the most complete
record of major volcanic events available to date in the form of tephra
layers preserved at Sites 1122–1125, which in prevailing conditions lie
downwind of the CVZ and TVZ. Thus, Leg 181 drilling provided a new
standard history of the evolution of these major plate boundary vol-
canic zones (Carter, L., et al., 2003, in press a). This information, to-
gether with that from DSDP Leg 29 Site 284 (Kennett et al., 1979), Leg
90 Sites 590–594 (Nelson et al., 1986b), and existing piston core data
(e.g., Ninkovich, 1968; Lewis and Kohn, 1973; Froggatt et al., 1986;
Watkins and Huang, 1977; Carter, L., et al., 1995), has given us a firm
understanding of ash dispersal for the offshore New Zealand region.

Carter, L., et al. (2003) used glass shard geochemistry and isothermal
plateau fission track dating, supported by robust chronologies devel-
oped from paleomagnetic stratigraphy, orbitally tuned reflectance pro-
files, and benthic isotope records, to demonstrate that near-continuous
rhyolitic volcanism occurred within the CVZ and TVZ since ~12 Ma
(Fig. F17). This history is particularly well preserved at Site 1124, which,
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although 600 km from the inferred volcanic sources, contains 134 mac-
roscopic tephra layers with individual tephra up to 92 cm thick.

Tephrochonologic Record

Volcanic activity related to the development of the Australian/Pacific
boundary began in western North Island in the Oligocene and early
Miocene (e.g., Hayward, 1993). Yet, despite continuous core records
that stretch back to the early Miocene (Site 1123) and late Oligocene
(Site 1124), the Leg 181 macroscopic tephra record only begins at ~12
Ma. Nearby onland, tephra also appear at ~12–13 Ma in a well-exposed
Miocene terrigenous succession at Mahia Peninsula (Schneider et al.,
2001). The absence of discrete tephra in sediments east of New Zealand
prior to this time is attributed to the following factors:

1. The occurrence of relatively nonexplosive volcanism in the
Northland volcanic arc (25–11 Ma) and CVZ (18–9 Ma), where
basalts, andesites, and minor dacite eruptions prevailed at the
time (Adams et al., 1994; Hayward et al., 2001);

2. A greater distance than today between the active volcanoes and
Leg 181 sites, as indicated by Neogene reconstructions of the
Australian/Pacific plate boundary (King, 2000); and

3. Diagenetic alteration of tephra, as represented by dark green lay-
ers composed mostly of clay minerals with only trace amounts
of volcanic glass (Site 1124 smear slide data in Carter, R., Mc-
Cave, Richter, Carter, L., et al., 1999) (cf. Gardner et al., 1985);
altered tephra of this type, and older than 12 Ma, are present,
most conspicuously between ~27 and 23 Ma (late Oligocene) at
Site 1124. 

Neogene Volcanism

At Site 1124, the earliest rhyolitic tephra (~12 Ma) predates the earli-
est known terrestrial ignimbrite in the CVZ by more than a million
years. Thereafter, through the Miocene and Pliocene, the data show
that episodes of volcanism were punctuated by periods of subdued ac-
tivity or quiescence. The longest break in activity is 0.7 m.y., with most
breaks being <0.5 m.y. The first phase of pronounced tephra deposition
occurred at ~7.7–7.0 Ma, which coincides with a major phase of caldera
development in the CVZ (Adams et al., 1994). Quiescence between 7.0
and 6.3 Ma was followed by short bursts of activity at 6.30–6.24 Ma and
~5.2 Ma, about the respective ages of the Pumpkin Rock Ignimbrite/
Wheuakite Rhyolite and Ahu Ahu Rhyolite eruptions onshore. The en-
suing Pliocene ash record indicates 2 m.y. of near-continuous but more
intense activity than in the late Miocene. This contrasts with the terres-
trial record, which places the end of CVZ volcanism at ~4 Ma and the
start of TVZ volcanism at ~2 Ma (Adams et al., 1994).

From ~1.6 Ma onward, major rhyolitic activity was centered in the
TVZ (Wilson et al., 1995b). Again, new Leg 181 data show that large
rhyolitic eruptions were more frequent than previously known from
terrestrial studies. Wilson et al. (1995b) noted that large TVZ eruptions
were associated with major caldera-forming periods, although such
events were probably interspersed with smaller eruptions. The Site 1124
record demonstrates, however, that tephra of intervening age and of
similar thickness to those deposited during the known periods of caldera
collapse are present, suggesting that some hitherto unknown calderas
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in the TVZ (and CVZ) are buried by younger eruptives or occur inte-
grated within larger and partly younger caldera complexes (Wilson et
al., 1995b). Another possibility is that other eruptive sources may lie
within the offshore extension to the TVZ, or beyond. Given the close
similarity between the major oxide glass geochemistry of ashes from
the CVZ and TVZ and the near-continuum of eruptions implied by the
Leg 181 tephra record, it is difficult to attribute particular ashes or
groups of ashes to a definitive source. The two closely related volcanic
zones may have succeeded one another in time or, alternatively, there
may have been an overlapping interval when both zones were active to-
gether. 

Ash Dispersal and Distribution

That tephra layers are more frequent and thicker off eastern, com-
pared to western, New Zealand confirms the dominance of prevailing
westerly winds on ash dispersal (cf. Frontispiece, part A, inset). For ex-
ample, Site 1124 contains 134 tephra layers averaging 9.6 cm thick,
whereas DSDP Leg 90 Site 593, the closest western drill site to the vol-
canic sources, bears only four macroscopic tephra layers that average
<3.5 cm thick (Nelson et al., 1986a). 

Within such a pattern of preferential eastward dispersal, some vari-
ability might be expected, resulting from fluctuations in paleowind pat-
terns. Thus the increased thickness and frequency of tephra during the
Pliocene may not only reflect increased volcanic activity but also a gen-
eral strengthening of the westerly wind regime at ~3–4 Ma (Kennett and
von der Borch, 1986; Zhou and Kyte, 1992). Other variability may be as-
sociated with El Niño–Southern Oscillation (ENSO) events, with some
models suggesting that periods of strong ENSO activity lasted for at
least 0.5 m.y. (Clement et al., 2001). Vigorous El Niño conditions favor
the eastward dispersal of ash, whereas La Niña weather encourages
westward transport. Interestingly, the Rangitawa eruption of 0.345 ±
0.012 Ma (Pillans, 1996), which has a wide distribution, coincides with
a shutdown of ENSO, as proposed by Clement et al. (2001). The weak-
ened westerlies (or La Niña easterlies) of the shutdown period may ex-
plain the (unusual) presence of the Rangitawa (Mt. Curl) tephra on
both sides of New Zealand (Froggatt et al., 1986; Shane, 2000). Superim-
posed on these large but short-scale climatic variations is the regular
rhythm of the Milankovitch glacial–interglacial cycles. At the Leg 181
sites, most macroscopic tephra accumulated during glacial periods, sug-
gestive of increased windiness at those times (e.g., Stewart and Neall,
1984; Hesse, 1994). More frequent eruptions during glaciations may
also have been caused by the hydrostatic unloading of magma cham-
bers during falls in sea level, leading to decompression melting (Paterne
et al., 1990). 

Eruption size can play a prominent role in ash dispersal (Nelson et
al., 1985). Major events may be accompanied by ash columns that ex-
tend through the low-level winds of the tropopause, currently 20–22
km high at the latitude of the TVZ (Trenberth, 1992), and penetrate the
stratosphere, especially in the austral spring-summer when strato-
spheric winds have a strong westward component while lower level
winds continue to the east. Examples of inferred stratospheric penetra-
tion include the ~41- to 45-km-high eruption column estimated for the
26.17-ka Oruanui eruption (Wilson, 1994) and the ~35- and 50-km-
high columns estimated for the 3.47-ka Waimihia and 1.718-ka Taupo
eruptions (Pyle, 1989). Nonetheless, eruption columns apparently only

http://www-odp.tamu.edu/publications/181_SR/front.htm
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rarely penetrated into the stratospheric zone of easterly winds, as 97%
of all marine tephra are observed in the east. 

The latitudinal limits of tephra distribution from the CVZ/TVZ ex-
tend south from 30°S (Ninkovich, 1968; Lewis and Kohn, 1973; Pillans
and Wright, 1992; Watkins and Huang, 1977) to somewhere between
46°S (Site 1122) and 50°S (Site 1120) (Carter, R., McCave, Richter,
Carter, L., et al., 1999). Although Site 1120 displays no obvious tephra,
the presence there of several late Cenozoic hiatuses means that the ab-
sence of tephra may be more apparent than real. Nonetheless, the iso-
pachs for several recent large eruptions presented by Carter, L., et al.
(1995) show that Site 1120 must be located close to the edge of the te-
phra distribution area. Such minor ambiguities notwithstanding, it is
certain that below 60°S southwest Pacific ash-bearing sediments have
an Antarctic rather than a New Zealand provenance (Shane and Frog-
gatt, 1992).

Mineralogy, Geochemistry, and Physical Properties

Since completion of the Leg 181 Initial Reports volume (Carter, R.,
McCave, Richter, Carter, L., et al., 1999), studies have been completed
on Site 1123 clay mineralogy (Winkler and Dullo, this volume), Site
1123 major element analyses (Weedon and Hall, this volume, in press),
dissolved manganese concentrations (Dickens, this volume), Site 1121
carbonate percentages (Hancock and Dickens, this volume), microbial
sulfate reduction (Böttcher et al., this volume, in press), biogenic opal
concentrations (Suzuki et al., this volume), the use of color reflectance
as a carbonate proxy (Millwood et al., this volume), stable isotope
measurements (Hall et al., 2001; Harris, this volume; Carter, R., et al.,
in press; Yang et al., 2002; Wei et al., submitted [N2]; Mii et al., unpubl.
data [N4]) and petrophysical properties of muds from Site 1125 (Kim et
al., 2001). These studies are summarized below.

Miocene–Holocene Patterns of Clay Mineralogy, Site 1123

Site 1123, located on the northeastern flank of the Chatham Rise,
contains an almost uninterrupted record of sedimentation under the
DWBC from the early Miocene onward (~20.5–0 Ma). Systematic miner-
alogical analyses by Winkler and Dullo (this volume) confirm the very
fine grained, carbonate-rich nature of the Site 1123 succession. Clay
mineral assemblages are dominated by smectite and illite, with high
smectite values in the Eocene decreasing upcore (Fig. F18, right). Ac-
companying a smectite decrease from 21 Ma, illite and chlorite concen-
trations progressively increase, with a significant step at 6.4 Ma. An
abrupt tenfold increase in the percentage of >63-µm-diameter sediment
grains that occurs at ~1.3 Ma is apparently not accompanied by changes
in the clay assemblage.

The early Miocene start and gradual nature of the long-term changes
in clay mineralogy beneath the DWBC at Site 1123 contrasts with the
more recent (middle Pliocene; ~3.5 Ma) change to chlorite-illite–
dominated sediments documented at Site 594, which lies under AAIW
(Dersch and Stein, 1991) (Fig. F18, left). The Site 1123 change reflects a
regionally uniform sedimentation process that was driven by long-term
factors, whereas sediment deposited at Site 594 was subjected to a more
sudden change to chlorite-illite–rich assemblages, which was probably
caused by the arrival of the first turbidity current overspills from the
Bounty Channel. 

F18. Clay mineral assemblages, 
Sites 594 and 1123, p. 100.

Site 594

Clay minerals (%) Age
(Ma)

0.15

0.34

0.5

0.75

1.0

1.7

2.4

4.8

5.1

6.5

8.5

P
lio

ce
ne

M
io

ce
ne

P
le

is
to

ce
ne

Wh

1.07

Wc

2.58

Wn

3.60

Ww

5.25

Wo

6.6

Tk

Tt

Smectite (%)

0

2

4

6

8

10

12

14

16

18

20

0 20 40 60 80

32

34

Chlorite (%)
0 10 20 30

Marshall Paraconformity

Site 1123

Wc-h

Wn

Ww

Wo

Tk

Tt

Sw

Sl

Sc

Pl

Po

Lwh

*

*

*

*

*

0

40

80

12

160

200

240

I

IIA

la
te

 
ea

rly

0 50 100

Chlorite

Illite

Mixed-
layer clays

Smectites

Kaolinite

Stilpnomelane

D
ep

th
 (

m
bs

f)

*

Age
(Ma)



R.M. CARTER ET AL.
LEG 181 SYNTHESIS: EVOLUTION OF THE SOUTHWESTERN GATEWAY 27
Overall, the mineralogic changes observed at Sites 1123 and 594 are
consistent with regional evidence for progressive uplift along the Al-
pine plate boundary from the early Miocene (~25 Ma) onward, with in-
creased rates of plate collision since the Pliocene (Walcott, 1978;
Tippett and Kamp, 1993; Sutherland, 1996; Batt et al., 2000). These
events caused progradation of the eastern South Island terrigenous sed-
iment prism and the activation of channel systems that fed detritus
onto the slope and, ultimately, into the DWBC (Carter, R., 1988b). Ini-
tially, the prism was derived mainly from the erosion of low-grade me-
tagraywackes and chlorite schists, but from the Pliocene onward there
has been an increasing contribution from higher-grade schists. Despite
previous assertions, no unique date marks the intensification of South
Island plate boundary uplift. Rather, the stratigraphic evidence clearly
demonstrates a regional early Miocene (~25 Ma) start to the provision
of “new” terrigenous sediment (e.g., Finlay, 1953; Lewis et al., 1980), an
early middle Miocene (~17 Ma) acceleration of supply (e.g., Cutten,
1979; Turnbull et al., 1993), and, with the precise age depending upon
location, a Pliocene (~3–5 Ma) start to the deposition of higher-grade
metamorphic detritus, consequent upon marked mountain uplift (e.g.,
Sutherland, 1996; Batt et al., 2000). 

Carbonate Content of Paleocene Sediments, Site 1121

Hancock and Dickens (this volume) analyzed 39 samples from the
Paleocene biopelagic sediments at Site 1121. Carbonate concentrations
vary widely between 3.7 and 51.4 wt% (average = 31 wt%). Site 1121
was at ~3800 m water depth or deeper during the deposition of these
sediments. The occurrence of such relatively high carbonate percent-
ages here indicates that the Paleocene carbonate compensation depth
(CCD) in the southwest Pacific was significantly deeper than previous
studies suggested (e.g., van Andel, 1975).

Major Element Analyses (0–1.2 Ma), Site 1123

Weedon and Hall (this volume, in press) report on a high-resolution
analytical study of mid–late Pleistocene drift sediments from Site 1123.
In order to capture Milankovitch cyclicity, ~1000 samples were taken at
a close spacing of 5–10 cm from four selected intervals: 0–1.2 Ma (Pleis-
tocene), 13.9–15.4 Ma (middle Miocene), 20.0–20.6 Ma (early Miocene),
and 32.8–33.1 Ma (early Oligocene). Samples were analyzed for elemen-
tal concentrations by inductively coupled plasma–atomic emission
spectrophotometry. After analysis, results were normalized using alu-
minium concentrations to provide proxies for nutrient levels, siliciclas-
tic and volcaniclastic sediment composition, and bottom water redox
conditions.

The results of Ba/Al for the Pleistocene interval were discussed by
Hall et al. (2001), and a geochemical interpretation of the additional el-
emental ratios and the more extensive age range of host sediment is
given by Weedon and Hall (in press). One important result is that sam-
ples located close to macroscopic tephra layers, presumed therefore to
contain bioturbated ash, are characterized by relatively high Si/Al and
K/Al, low Ti/Al, and, in some cases, low calcium carbonate contents.
Such tephra-bearing samples were removed from the Pleistocene data
set prior to time-series analysis for determination of the pelagic sedi-
ment history. None of the pre-Pleistocene samples were detected to be
contaminated by tephra.
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In the late Pleistocene, productivity variations at the 41-k.y. orbital
obliquity frequency are apparent in the Ba/Al and P/Al time series,
which are coherent but not in phase (Ba/Al leading P/Al). In the middle
Miocene, a trend of increasing carbonate, Ba/Al, P/Al, and Si/Al may re-
flect gradually increasing surface water nutrient supply (i.e., higher pro-
ductivity). Carbonate and P/Al are here highly coherent but do not
reflect orbital cyclicity. However, Ba/Al does show 41-k.y. cyclicity, so
orbital-scale changes may have affected productivity too. No evidence
for regular cyclicity exists in any of the variables for the older early Mio-
cene and early Oligocene intervals sampled. Based on comparative val-
ues of carbonate, Si/Al, Ba/Al, and P/Al and the presence of biogenic
silica, the early Oligocene was more highly productive than the
younger sampled intervals or today. 

The simplest explanation of the long-term trend is that surface water
nutrient levels systematically increased during the middle Miocene,
perhaps because of the growth of ice in Antarctica. However, it is an im-
portant point that the highest inferred nutrient levels and productivity
at Site 1123 occurred prior to DWBC activity during the early Oli-
gocene. 

Dissolved Manganese, Sites 1119, 1122, 1123, and 1125

Shipboard pore water and gas analyses show that sediments from the
seven Leg 181 sites span an exceptional range of chemical environ-
ments. Pore water alkalinity, NH4

+, SO4
2–, and PO4

3– concentrations as
well as headspace CH4 concentrations indicate significant differences in
sediment redox conditions across the region (Carter, R., McCave, Rich-
ter, Carter, L., et al., 1999). The distribution of solid and dissolved man-
ganese plays an important role in geochemical interpretations of such
sedimentary environments, and Dickens (this volume) therefore mea-
sured the dissolved Mn2+ concentrations of pore waters at Sites 1119,
1122, 1123, and 1125. He reports Mn2+ concentrations ranging between
0.1 and 26.5 µM and averaging 1.8, 3.3, 3.8, and 1.0 µM at the four
sites, respectively. Mn2+ concentrations are relatively high at the deep-
water sites (1122 and 1123) and relatively low at the shallow sites (1119
and 1125), perhaps reflecting higher inputs of reducible solid Mn
phases at the deeper locations. 

Microbial Sulfate Reduction

Böttcher et al. (this volume, in press) analyzed 79 interstitial water
samples from Sites 1119–1125 for stable isotopes of dissolved sulfate
(δ34S) and for major and minor ions. Sulfate from the interstitial fluids
had δ34S values between +20.7‰ and +60.0‰ (i.e., were enriched in
δ34S with respect to modern seawater; δ34S = ~+20.6‰). Microbial sul-
fate reduction is therefore inferred to have occurred at all sites with an
intensity that depended upon the availability of organic matter. This
availability is controlled by sedimentation rate, which is itself related to
factors such as productivity and the presence or absence of turbidity or
bottom currents. Böttcher et al. also showed that the amount of re-
duced inorganic sulfur (essentially pyrite, which is the product of mi-
crobial sulfate reduction) varied commensurately between 0.05 and
0.63 wt%.
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Biogenic Opal, Sites 1123–1125

Suzuki et al. (this volume) measured biogenic opal concentrations
from bulk sediment samples using wet alkaline extraction of freeze-
dried bulk sediment. Samples were taken throughout Sites 1123 and
1125 and from the uppermost 100 mcd of Site 1124. The first and last
sites lie within the influence of the DWBC, whereas Site 1125 lies
within AAIW. Site 1124 showed opal contents of 2–8 wt%, which is rel-
atively high compared to the other two sites, where values mostly range
1–4 wt%. A subbottom maximum in biogenic opal content occurring
between 1.0 and 1.5 mcd at all three sites represents the position of the
Last Glacial Maximum (LGM) and is suggestive of enhanced silica pro-
ductivity during glacials (cf. Fenner et al., 1992; Nelson et al., 1993).
The sampling resolution used by Suzuki et al. did not allow capture of
the full detail of the climatic signature below the LGM. 

Core Color Reflectance as a Carbonate Proxy

It is well established that color reflectance measurements can provide
an estimate of the component mineralogy of sediment cores, especially
with respect to calcium carbonate content (Mix et al., 1995; Balsam et
al., 1999). Leg 181 was the first ODP voyage during which a new auto-
mated Minolta spectrophotometer system was used for routine core log-
ging. Because of several teething problems, the data collected at Site
1119 were of poor quality. Accordingly, Millwood et al. (this volume)
collected postcruise reflectance data from the Site 1119 core. Empirical
regression relationships between reflectance (400- and 550-nm wave-
length) and carbonate content were then formulated separately for
each Leg 181 site using the available shipboard and laboratory carbon-
ate determinations from Carter, R., McCave, Richter, Carter, L., et al.
(1999). These regressions were then applied to calculate a model car-
bonate percentage curve for each site based on the reflectance data.

Stable Isotope Analysis

Because of the primary role that the marine oxygen isotope stages
play in stratigraphic correlation and the richness of their information
content, stable isotope analysis has become “master-proxy” for pale-
oceanographic studies. Thus, a prime intention of Leg 181 drilling was
to recover multicored, continuous sequences that were suitable for
high-resolution foraminiferal stable isotope studies. Sites 1119, 1121,
and 1123 have so far yielded such results (Figs. F19, F21).

Site 1119 (water depth = 396 m) penetrated 495 m of micaceous, ter-
rigenous mud with interbeds of bottom current–emplaced sand, gener-
ally <1 m thick. Carter, R., et al. (in press) provided a high-resolution
(~2 k.y./sample) planktonic stable isotope record through the ~47-m-
thick MIS 1–5 interval at this site, based on Globigerina bulloides. A
lower-resolution (~5 k.y./sample) data set for MIS 6–10 extends the iso-
tope record to 100 mcd, but the record is interrupted by a ~25-k.y. un-
conformity that cuts out part of MIS 8. Although the Site 1119 MIS 1–9
oxygen isotope record broadly matches the established SPECMAP pat-
tern, site-specific oscillations correspond to movements of the STF
across the site during periods of rapid climatic and sea level change.
When combined with the color reflectance and natural gamma ray
logs, the paleoceanographic proxies from the upper part of Site 1119
define a climatic record that accords closely to Antarctic continental air

F19. Carbon and oxygen isotope 
values for bulk sediments, p. 101.
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temperature, as represented by the Vostok deuterium record (Petit et al.,
1999). Thereby, the Site 1119 record demonstrates a close correlation
between changes in Southern Hemisphere mid-latitude oceanographic
proxies and south polar air temperatures, consistent with strong intra-
hemispheric atmospheric coupling. 

Sites 1121 and 1124 penetrated a pre-DWBC succession correspond-
ing to the postrifting Cretaceous–Oligocene sediment apron. Mii et al.
(unpubl. data [N4]) and Wei et al. (submitted [N2]) made stable isotope
measurements on bulk nannofossil-rich sediment samples, 64 from Site
1121 (early–late Paleocene) and 58 from Site 1124 (Late Cretaceous–
Oligocene) (Fig. F19). Despite the age and (for Site 1124) burial depth of
the sediments sampled, the isotope values do not vary systematically
with carbonate content or with burial depth, nor do the carbon and iso-
tope values show any systematic linear relationship with each other.
Any diagenetic or dissolution effect is therefore minimal, except possi-
bly for the deepest sample from Site 1121 (133.52 mbsf), which displays
an anomalous 2‰ negative excursion in δ18O accompanied by a
smaller negative change in δ13C. This sample apart, the Site 1121 sam-
ples span ~62.2–56.2 Ma and display a slight overall positive trend in
both δ13C (~2.7‰–3.3‰) and δ18O (~0.0‰–0.5‰). Fluctuations in
magnitude as large as 1‰ occur on either side of this trend, with a par-
ticularly marked δ13C depletion spike of 2.26‰ at 58.51 mbsf, just
above the Chron C26n/C25r boundary. At Site 1124, δ13C values range
1.7‰–3.4‰ and δ18O values range –1.3‰–0.9‰. Prominent in the
δ13C record is a 1.1‰ negative shift across the K/T boundary, followed
immediately by a 1.0‰ increase in the early Paleocene. Values of δ13C
then decrease by 1.3‰ at the Paleocene/Eocene boundary, increase by
0.5‰ in the late Eocene, and finally decrease by 0.8‰ at the Eocene/
Oligocene boundary. Values of δ18O decrease by 1.0‰ in the latest Cre-
taceous and remain around –1.0‰ into the early Paleocene before in-
creasing again by 1.4‰ later in the early Paleocene. Values of δ18O then
fluctuate around –0.3‰ until they increase to 0.7‰ near the Paleo-
cene/Eocene boundary. A 1.4‰ decrease occurs in the early Eocene, af-
ter which δ18O values increase to 0.9‰ at the Eocene/Oligocene
boundary, before settling at ~0.8‰ in the Oligocene. 

Although the Site 1121 record covers a relatively short time span and
the Site 1124 record is punctuated by three major paraconformities,
these results show throughout a pattern that is closely comparable to
previously published oceanic foraminiferal isotopic records (e.g.,
Zachos et al., 2001). Both records show negative carbon and isotope
shifts across the K/T boundary followed by a gentle cooling trend
through the Paleocene, and Site 1121 displays well the established Cen-
ozoic carbon isotope maximum value at ~57 Ma. Site 1124 also displays
notably enriched isotope values during the middle Eocene and—albeit
within a lengthy paraconformity—contains a sharp cooling enrichment
across the Eocene/Oligocene boundary. These results show that stable
isotope ratios within Paleogene bulk sediments from the southwest
Pacific mimic the global oceanic pattern. The waters of the southwest
Pacific Ocean were therefore in free communication with those of the
world ocean, and isotope measurements from the region provide a good
means of chemostratigraphic correlation (Wei et al., submitted [N2]).

Site 1123 contains an almost continuous early Miocene–Holocene
(0–20.5 Ma) record of sedimentation under the DWBC. A benthic stable
isotope record with a resolution of 3–5 k.y./sample was generated for
the site to 109 revised mcd (rmcd), or ~3.0 Ma (early Pliocene), based
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on Cibicides spp. (Harris, this volume; Hall et al., 2001) (Fig. 21B). The
isotope measurements were evaluated in the context of the complete
composite record available for the site to ~4.7 Ma, which has been
tuned to an orbital timescale (Hall et al., 2001). The stable isotope mea-
surements record the influence of North Atlantic and Southern Ocean
deepwater masses on water properties at Site 1123. In addition, the Site
1123 record closely matches that of ODP Leg 138 Site 849 in the eastern
equatorial Pacific (Mix et al., 1995), and the resulting age model agrees
with the excellent paleomagnetic reversal record established for Site
1123 (Carter, R., McCave, Richter, Carter, L., et al., 1999; Wilson,
2000b).

For Site 1125, Yang et al. (2002) determined the oxygen and carbon
isotope values of Globigerina bulloides and Uvigerina spp. for 207 samples
spaced at ~24-k.y. intervals through the upper ~200 mbsf (0–5 Ma). The
δ18O results delineate two episodes of middle Pliocene warmth between
4.7 and 3.2 Ma and the start of a cooling trend at ~2.9 Ma, a little earlier
than the 2.4 Ma accepted as the initiation of Northern Hemisphere gla-
ciation (e.g., Raymo, 1994). During the middle Pliocene warm interval,
the δ13C profile of Uvigerina spp. shows a significant depletion trend,
whereas the planktonic G. bulloides record displays relatively heavy val-
ues compared to the glacial times. These results are consistent with an
increase in shallow-water and shelf biomass, perhaps supplied to Site
1125 via an invigorated East Cape Current system. During the late
Pliocene global cooling, an enrichment of 12C in the surface ocean re-
sults in a decreasing trend of δ13C in G. bulloides. The δ13C profile of Uvi-
gerina spp., however, shows a different trend from that of G. bulloides
and indicates stronger production of AAIW during glaciations.

Petrophysical Properties of Muds, Site 1125, North 
Chatham Slope

The effect of consolidation on sediment microfabrics and petrophys-
ical properties is of considerable interest. In order to study these
changes, Kim et al. (2001) subjected samples from Site 1125 to scanning
electron microscope (SEM) observation both prior to and after labora-
tory consolidation tests. Preliminary X-ray diffraction and grain size
analyses demonstrated that the samples studied were mineralogically
and texturally similar and thus ideal for study. Porosity was measured
before and after each consolidation test, and permeability was esti-
mated based on the theoretical model of Bryant et al. (1986). 

SEM images show that as porosity decreases the geometry and distri-
bution of intergranular pores change significantly in concert. Clay
plates with randomly distributed voids and abundant edge-to-edge and
edge-to-face contacts in unconsolidated sediment lose these characteris-
tics on consolidation. After consolidation, bedding-parallel fabrics and
bedding-elongate voids are characteristic. Visual estimates of the poros-
ity loss imposed by consolidation from SEM images generally agree
with measured values. The results of this study therefore confirm the
classic descriptions of clay fabric changes and porosity reduction during
consolidation and show that consolidation is the major control on the
petrophysical properties of buried sediments.



R.M. CARTER ET AL.
LEG 181 SYNTHESIS: EVOLUTION OF THE SOUTHWESTERN GATEWAY 32
HISTORY OF SEDIMENTATION UNDER THE
DEEP WESTERN BOUNDARY CURRENT

The history of the DWBC since the early Miocene is contained in
abyssal sediment drifts located east of New Zealand (Carter, L., and Mc-
Cave, 1994). The four key drift drill sites are Site 1121 (winnowed ve-
neer accompanied by long erosion), Site 1122 (contourite followed by
fan deposition), Site 1123 (continuous 20.5- to 0-Ma record of drift de-
position), and Site 1124 (drift deposits since 27 Ma punctuated by ero-
sional paraconformities). Fluctuations in DWBC flow are reflected in
variations of the terrigenous grain size (Hall et al., 2001; cf. McCave et
al., 1995), variations in linear sedimentation or mass accumulation
rates (Handwerger and Jarrard, in press), and variations in magnetic fab-
ric (Joseph et al., 1998). The mean grain diameter for sortable silt grain
sizes is expected to rise with increasing flow until, at speeds of more
than ~0.15 m/s, erosion outweighs deposition. In general, the magni-
tude and frequency of individual erosion and deposition events cannot
be resolved in the record. In the late Quaternary age control points are
several thousand years apart, whereas in the Oligocene and Miocene
they are several million years apart, so sedimentation rates and hiatuses
can only be tightly resolved for intervals where an orbitally tuned time-
scale has been achieved.

Site 1121—Campbell Skin Drift

Graham et al. (in press) showed from 10Be dating that the skin drift at
this site has an age of ~18 Ma (early Miocene) at ~7–8 m depth (Fig. F7).
The low average sedimentation rates this implies (<0.5 m/m.y.) indicate
that throughout the Neogene the area behaved more as a sediment
source than a sink. At Site 1123, over the same period ~535 m of sedi-
ment accumulated. Particularly low sedimentation rates occurred be-
tween 15 and 12, 10 and 8, and 1.5 and 0 Ma. As seen in other records
(e.g., Flower and Kennett, 1995; Zachos et al., 1992), the period around
15–13.50 Ma is associated with growth of the East Antarctic Ice Sheet.
Zhou and Kyte (1992) described the geochemistry of abyssal clays from
DSDP Leg 91 Site 596 on the central Pacific plain and inferred (1) a pe-
riod of development of Mn crusts and vigorous bottom currents be-
tween ~14.0 and 8.4 Ma and (2) an erosional interval at ~8.4 Ma, which
is also the time of onset of a strong cooling trend identified from iso-
tope data by Shackleton and Kennett (1975; cf. Zachos et al., 2001).
Lastly, 1.5–0 Ma spans the development of the intense cooling of the
Quaternary glacial period. 

It is a significant result that the same timing applies to inferred peri-
ods of bottom erosion—and therefore to increased cold-water flow and
enhanced Fe-Mn deposition—in both the southwest and west Central
Pacific Ocean. If the Site 1121 record is representative of the erosional
remnants of the whole Campbell sediment apron, then the apron repre-
sents a very large sediment source with an area >5 × 104 km2 (Carter, L.,
and McCave, 1997) that supplied material to regions farther north for
>20 m.y. through the Neogene. The record of rapidly accumulated ra-
diolarian-rich Cretaceous–Paleocene sedimentation at Site 1121 pre-
dates 55 Ma, and former overlying sediments up to early Oligocene in
age are inferred to have been removed by DWBC/ACC erosion after the
~33.7-Ma opening of the Tasmanian Gateway to deep flow (cf. Carter,
R., McCave, Richter, Carter, L., et al., 1999).
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Site 1122—Mouth of Bounty Trough, 
Pre-Bounty Fan

The Bounty Fan developed across the path of the DWBC at the
mouth of the Bounty Trough. Site 1122 was cored into the left bank
levee succession of the fan, which was deposited under the influence of
east-traveling, north-overspilling turbidity currents from the Bounty
Channel and the north-traveling DWBC (Carter, R., and Carter, L.,
1996).

Using the updated age model of Wilson (2000a), a ~5-m.y. hiatus sep-
arates early Pliocene from middle Miocene drift sediments at 485 mbsf.
At ~2.2 Ma (~440 mbsf), injection of sediment from the Bounty Trough,
and perhaps also from erosion near Site 1121 farther south, resulted in a
change in sedimentation style beneath the DWBC, increased sediment
accumulation rates (to ~10 cm/k.y.), and inception of the abyssal
Bounty Fan. Despite this increase in sedimentation rate, discrete turbi-
dites do not appear in the Site 1122 record until ~1.7 Ma (~380 mbsf).
The first turbidites are interbedded with cross-laminated sediments that
record a continuing influence of DWBC/ACC flow. The increase in sedi-
ment injection from the Bounty Trough at ~2.2 Ma occurs also, though
a little earlier at ~2.5 Ma, at DSDP Site 594 (Nelson et al., 1985). These
changes may result from late Pliocene climatic deterioration or, alterna-
tively, may be related to increased uplift along the Southern Alps plate
boundary in the west. At ~0.7 Ma, turbidite frequency and thickness in-
creases, as turbidity currents from the Bounty Trough cause average sed-
imentation rates to increase to >40 cm/k.y., probably in response to
further uplift along the Southern Alps.

Site 1123—North Chatham Drift

Handwerger and Jarrard (in press) used downhole logging data for
the record younger than 25 Ma at Sites 1123 and 1124 to estimate the
relative proportions of carbonate and terrigenous sediment using prin-
cipal component analysis. The logging data analyzed were bulk density,
P-wave velocity, total gamma ray, spectral gamma ray (K, U, and Th), re-
sistivity, photoelectric factor, and depth. The Site 1123 records show
relatively high carbonate percentages (~70 wt%) and MARs (~2.5 g/cm2/
k.y.) during the periods 0.6–13.5 and 19–20.5 Ma and lower carbonate
percentages (~40 wt%) and MARs (1.5 g/cm2/k.y.) during the interven-
ing period (14.5–17.5 Ma) (Fig. F20). Milankovitch-scale 41-k.y. cyclic-
ity occurs superimposed on these background averages, within which
particularly strong depletions in carbonate content occur at ~17.5, 16,
15, 11.5, 10, 4.5, and 1.2 Ma. Assuming that carbonate accumulation at
this drift site is controlled primarily by DWBC transport vigor, this sug-
gests the occurrence of generally slower flow late in the early Miocene
between 14.5 and 17.5 Ma.

Three other postcruise studies of the Site 1123 core used grain size
records as a proxy for changing flow speeds under the DWBC (cf.
McCave et al., 1995), one for the middle Miocene (Hall et al., 2003),
one for the last 3 m.y. (Hall et al., 2002), and one focusing at high reso-
lution on the last 1.2 m.y. of the Quaternary (Hall et al., 2001) (Fig.
F21).

Between ~15.5 and 12.5 Ma (middle Miocene), fluctuating sortable
silt mean grain sizes indicate current variations at the period of 41-k.y.
orbital obliquity forcing, with faster flow speeds during intervals of
colder climate (Hall et al., 2003) (Fig. F21A). In addition to the Milank-
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ovitch-scale forcing, longer-term changes of current speed occur, with
increasing DWBC strength between ~14.8 and 14.3, ~14.3 and 13.8,
and 13.8 and 13.15 Ma, and a decreasing trend between 13.2 and 12.5
Ma. The trends of increased DWBC speed that culminate at ~14.3 and
~13.8 Ma correspond to the known middle Miocene cooling phases
Mi3b (= CM4; Woodruff and Savin, 1989) and Mi3a (Flower and Ken-
nett, 1995), respectively.

Orbital-scale flow changes in the DWBC also occurred in the
Pliocene–Pleistocene (Hall et al., 2001, 2002). Sortable silt grain sizes
clearly indicate that faster flow occurred in glacial compared to intergla-
cial periods. Spectral analysis of the sortable silt record shows signifi-
cant spectral peaks, coherent with both planktonic and benthic oxygen
isotope records, at each orbital frequency. There is no phase lag be-
tween sortable silt and benthic δ18O at the 100-k.y. period. Although
the DWBC has a very large flux, data from current meters, nepheloid
layers, and bottom photographs show that it is presently sluggish
around the New Zealand margin. In contrast, very large current scours
occur at the seabed around volcanic pinnacles (Carter, L., and McCave,
1994; McCave and Carter, L., 1997). The Leg 181 results suggest that
these scours most probably formed under stronger bottom flows during
glaciations, and farther downstream these enhanced flows may also
have driven the glacial increase in sediment focusing that has been re-
corded in the central equatorial Pacific over the past 300 k.y. (Marcan-
tonio et al., 2001).

Collectively, these variations indicate that a strong coupling exists
between changes in the speed of the deep Pacific inflow and high-lati-
tude climatic forcing (Fig. F21B). We conclude that this coupling has
probably been a persistent feature of the global thermohaline circula-
tion system for at least the past 15 m.y. Furthermore, longer-term
changes in the mean flow speed suggest that intensification of the
DWBC occurred in parallel with increases in the production rate of the
intermediate-depth SCW, as indicated by isotopic data at DSDP sites
north of New Zealand (Flower and Kennett, 1995). Site 1123 results,
therefore, provide evidence that the middle Miocene growth of ice on
Antarctica caused a significant increase in the production of deep cold
water, thus in turn increasing the vigor of the DWBC and perhaps glo-
bal thermohaline circulation and marking an important step in the de-
velopment of Neogene icehouse climate. A particularly elegant detail of
the Site 1123 record is the increase in grain size recorded at 14.8–14.6
Ma, followed by a short hiatus at 14.6–14.3 Ma, which is precisely the
pattern that would be expected from increasing current flow that even-
tually exceeded the erosion threshold of seafloor sediment. The hiatus
is then followed by sedimentation of finer grain sizes, indicating the re-
sumption of accumulation once the flow had slowed.

Using the Pleistocene oxygen isotope stratigraphy as a stratigraphic
control, Hall et al. (2001) also recorded three long-term periods of dif-
fering mean flow speeds of the DWBC at Site 1123 (Fig. F21C). First, a
period of moderately high flow occurred prior to the termination of gla-
cial MIS 22 (which is the first large 100-k.y. cycle in the record); second,
a transitional period of lower-speed flow occurred during 0.87–0.45 Ma;
and third, another phase of higher-speed mean flow occurred from 0.45
Ma to the present. The mean current speeds for these inferred flow peri-
ods are significantly different (P < 0.001). The middle flow phase corre-
sponds to the MPT, marking the change in response of the Earth’s
climate from orbital obliquity (41 k.y.) to eccentricity (100 k.y.) forcing;
at Site 1123, this change extended over several hundred thousand years
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rather than comprising a sharp event. This gradual change in a proxy
record indicative of the strength of the DWBC demonstrates that a
changing global thermohaline circulation accompanied the MPT. Over
the most recent period, the strength of DWBC flow in the interglacials
has clearly increased as part of a long-term trend that has typified the
last 0.9 m.y.

The benthic δ13C record at Site 1123 is in phase with δ18O at major
orbital frequencies, with light δ13C associated with heavy δ18O. Nutri-
ent-enriched carbon values of –0.6‰ are present in glacial sediment
and depleted values of +0.8‰ in interglacial sediment. Deepwater δ13C
spatial gradients can be used to shed light on water mass aging trends,
and Site 1123 is ideally located for the assessment of Pacific δ13C gradi-
ents because it represents the entrance of CDW. As CDW travels across
the Pacific, it mixes with the overlying waters and progressively accu-
mulates nutrients through the remineralization of sinking organic
material—thus depleting the δ13C signal. The gradient between Site
1123 and eastern equatorial Leg 138 Site 849, δ13C(1123–849), varies by
>0.5‰ and displays a larger gradient during interglacial periods. The
spectrum of δ13C(1123–849) shows strong obliquity power and is coherent
with δ18O, with the records in phase. A clear relationship is also seen be-
tween δ13C(1123–849) and the sortable silt index, with periods of reduced
ventilation (high δ13C(1123–849)) associated with reduced DWBC flow
speeds. An important related feature is a very large glacial–interglacial
variation of ~1.4‰ in the δ13C of the water emanating from the ACC
and flowing into the Pacific, part of which is attributable to changes in
the global carbon reservoir.

Overall, the carbon isotope and sortable silt data demonstrate strong
glacial–interglacial variability in the strength of flow and water mass
properties of the southwest Pacific DWBC sector of the global thermo-
haline system. The data are consistent with greater DWBC flow, and
therefore enhanced formation of AABW and greater Pacific ventilation,
as a persistent feature of glacial periods over the past 1.2 m.y. This Pleis-
tocene record provides a solid basis for studies going back further in
time if reliable isotopic data can be assembled.

Site 1124—Rekohu Drift

Using the same techniques as for Site 1123, Handwerger and Jarrard
(in press) also analyzed sediment accumulation rate proxies at Site
1124. The Site 1124 record (Fig. F20) displays a long-term decline in av-
erage carbonate percentage from ~85 to 15 wt% (25–10 Ma), a late Mio-
cene period of low (10–20 wt%) carbonate content (10–5 Ma), a rise
from ~15 to 55 wt% (5–3.2 Ma), and a final period during which car-
bonate values oscillate repeatedly and rapidly between ~10 and 55 wt%
(3.2–0 Ma). The long-term decline in carbonate during the Miocene
continues across the core gap at 22.5–17.6 Ma and the hiatuses at 16.5–
15 and 14–11 Ma. High carbonate peaks occur superimposed on the
long-term trends at ~20, 10.5, and 3.2 Ma, and notable lows occur at
~23.6, 11, 2.4, and 1.2 Ma. Mass accumulation rates of both carbonate
and terrigenous material show a sharp reduction at ~23.7 Ma, and ter-
rigenous MAR shows highs at 14.8–14.2 and 10.9–9.7 Ma and a sharp
increase at ~1.1 Ma.

The Site 1124 core was also studied by Joseph et al. (in press), who
used grain size and magnetic fabric measurements as proxies for DWBC
intensity. These data (Fig. F22) clearly show sharp increases in terrige-
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nous:carbonate ratio starting at ~23.6 and 10.4 Ma, a longer-term but
markedly fluctuating decrease in the same ratio between ~5 and 1.5 Ma,
and finally another significant increase in the ratio over the last 1.5
m.y. Higher-frequency fluctuations are also apparent throughout the
Joseph et al. data set and represent an orbital signal, though the sam-
pling interval was not quite close enough to capture the full 41-k.y.
Milankovitch cyclicity.

The changes in sediment parameters at Site 1124 documented by Jar-
rard and Handwerger (in press) and Joseph et al. (in press) are consis-
tent with our other conclusions regarding the ~23.7-Ma settling of the
DWBC along pathways at speeds similar to those of today as the strong
predecessor current through the Tasmanian Gateway waned with the
the widening of the Southern Ocean and perhaps the opening of Drake
Passage (Fulthorpe et al., 1996). The grain size and fabric measurements
seem to be particularly sensitive to fluctuations of the DWBC between
23 and 9 Ma, in accord with major Antarctic episodes of glacial develop-
ment and associated circulation changes (e.g., Miller et al., 1991). The
hiatus between 22.5 and 17.6 Ma represents an increase in ACC circula-
tion around Antarctica (perhaps caused by the opening of deep circum-
Antarctic gateways) (cf. Rack, 1993; Handwerger and Jarrard, in press),
whereas the hiatuses at 16.5–15 and 14–11 Ma encompass the late mid-
dle Miocene cooling events described by several earlier writers (Woo-
druff and Savin, 1991; Wright and Miller, 1992; Flower and Kennett,
1993) and represent glacial deepenings in Antarctica. The time period
between 11 and 9 Ma is characterized by the signature of formation and
stabilization of the West Antarctic Ice Sheet. A decrease in carbonate
and terrigenous MAR at this time is most marked at the deeper Site
1124, an effect that may indicate the presence of a stronger and more
corrosive DWBC there. Again at Site 1124, a Pleistocene surge in accu-
mulation rate occurs after 1.5 Ma, which probably marks the diversion
of the Hikurangi Channel onto the abyssal Pacific floor close to Rekohu
Drift (cf. Lewis et al., 1998; Hall et al., 2002).

Other Paleoceanographic Changes

Ice-Rafted Debris on the Campbell Plateau 

Records of ice-rafted debris (IRD) in seven site survey cores and at Site
1120 reveal a pattern of periodic iceberg incursion into the southwest
Pacific over the last 200 k.y. (Carter, L., et al., 2002b). Modern icebergs
originate in Antarctica and are moved east and north to the margins of
the Campbell Plateau by the ACC. Once they are in the southwest Pa-
cific, local currents and winds disperse icebergs as far north as Chatham
Rise at 43°S (Cullen, 1965; Brodie and Dawson, 1971). The shallowness
of the rise crest, the rise-parallel circulation, and the strong thermal gra-
dient associated with the nearby STF inhibit further northward trans-
port. Although IRD concentrations are very low in the studied cores
(926 grains/g), a δ18O chronology reveals distinct IRD peaks (1) at the
transition from MIS 7 to 6, (2) during late MIS 5, and (3) during the
LGM (MIS 2). Smaller peaks occur in MIS 4 and 3. A similar pattern is
also known off Antarctica, suggesting that the periodic destabilization
of ice shelves was the main driving force behind Campbell Plateau IRD
events. Differences between the Antarctic and New Zealand IRD records
probably reflect paleoceanographic influences on iceberg dispersal. For
instance, the MIS 5 event is more strongly represented near Antarctica,
as would be expected. Conversely, the MIS 2 event is relatively better
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shown on Campbell Plateau, consistent with a more vigorous oceanic
circulation then causing more icebergs to reach the distant plateau.
Comparison of IRD records from the Campbell Plateau with those from
the southeast Atlantic and southwest Indian Oceans suggests that IRD
events can be correlated across the Southern Ocean over at least the last
70 k.y.

Changes in the Position of the STF near Site 1119

Site 1119 lies just seaward of the modern STF, east of South Island.
The upper 86.19 mcd of Site 1119 was deposited in the last 0.252 m.y.,
during MIS 1–8 (Fig. F7). The underlying sediments to 100 mcd, be-
neath a ~25-k.y.-long unconformity, represent MIS 8.5–11 (0.278–0.370
Ma). Interglacial MIS 5, 7, and 9 are represented by silty clay, which en-
compasses small groups of 5- to 65-cm-thick, sharp-based, Chondrites-
burrowed, olive-gray, graded fine sands-muds. The sands are shelly (es-
pecially Tawera) and conspicuously rich in foraminifers, sometimes in-
cluding temperate-water forms (Orbulina universa, Globorotalia inflata,
and Globorotalia truncatulinoides). The intervening micaceous glacial
muds may be bedded on a centimeter scale but are more usually mas-
sive and bioturbated; they contain the cold-water scallop Zygochlamys
delicatula and an enhanced siliceous and impoverished calcareous mi-
crofauna. 

During interglacials, the water at Site 1119 was deeper, the shoreline
was distant from the site, and the broad shelf was ventilated by the sub-
tropical Southland Current. At these times, transgressive shelly sand
followed by highstand mud accumulated at low rates of 5–32 cm/k.y.
along the upper slope, which was bathed in colder SAW. As climatic
cooling progressed, the falling sea level was accompanied by a narrow-
ing of the shelf; sedimentation rates rose successively through the MIS
10, 6, and 2 glaciations to 45, 69, and 140 cm/k.y., respectively, as a re-
sult of the delivery of river-borne sediment directly to lowstand shore-
lines. 

Against this lithologic background, the upper 100 m of the Site 1119
core records the seaward movement of the STF during glacial periods,
accompanied by the incursion of warmer STW above the site and land-
ward movement during interglacials, resulting in a dominant influence
then of colder SAW. Counterintuitively and forced by the bathymetric
control of a laterally moving shoreline during glacial–interglacial and
interglacial–glacial transitions, the Site 1119 core records a southerly
(seaward) movement of the STF during glacial periods accompanied by
the incursion of subtropical water (STW) above the site and northerly
(landward) movement during interglacials, resulting in a dominant in-
fluence then of subantarctic surface water (SAW). These different water
masses are clearly delineated by their characteristic δ13C values (Carter,
R., et al., in press). Intervals of thin, sharp-based, graded sands-muds
occur within the cold periods MIS 2–3, 6.2, and 7.4. During these glaci-
ations, an increased flow of ACC cold water circulated clockwise in the
head of the Bounty Trough (Carter, L., et al., 2000; Neil et al., submitted
[N1]) and the glacial STF east of South Island was marked by a zone of
intense oceanographic gradients (Weaver et al., 1998). The currents that
developed along the glacial STF transported sand beds with grains up to
150 µm in diameter and are therefore inferred to have reached speeds of
at least 40 cm/s in waters to ~250 m deep. The beds of very fine sand
that occupy the cold-climate intervals at Site 1119 are marked also by
conspicuous gamma ray lows, color reflectance (carbonate content)
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highs, and stable isotope signatures. In common with other Southern
Hemisphere records, the cold period that represents the LGM com-
menced at ~22.4 ka at Site 1119, at which time the STF and SAF may
have coalesced into a single zone of enhanced oceanographic gradients
around the head of the adjacent Bounty Trough.

The deeper parts of Site 1119 comprise a succession of silty clay
punctuated by thin sand intervals, similar to the lithologies described
above for the uppermost 100 m. Shipboard observations indicate that
the 495-m base of the core terminates in the late Pliocene at ~3.9 Ma
(Carter, R., McCave, Richter, Carter, L., et al., 1999), and research is con-
tinuing on the interpretation of the earlier parts of this important cli-
matic record.

Glacial–Interglacial Changes in Salt Sources for Deep Water

Pore water samples from the upper 100 m of Site 1123 were measured
for chloride concentration and oxygen isotopic composition by Adkins
et al. (2002), in order to reconstruct the salinity and temperature of the
CDW during the LGM. By comparing the results from Site 1123 with
similar measurements made at sites elsewhere in the Southern and At-
lantic Oceans, these authors showed that LGM deep ocean tempera-
tures were homogeneous everywhere and within error of the freezing
point of seawater at the sea surface. In contrast, glacial salinity values
varied, with the saltiest deep water present in the Southern Ocean
rather than the North Atlantic (NADW). These results have been termed
“a landmark change in our understanding of deep-ocean circulation”
(Boyle, 2002) because they imply that during Termination I (~20–10 ka)
the salt source for the deep sea switched from the Antarctic to the
North Atlantic, with concomitant circulation changes.

ENZOSS REVISITED: THE HISTORY 
OF PACIFIC DEEP FLOW

Leg 181 drilling confirmed the utility of delineating the Eastern New
Zealand Sedimentary System (ENZOSS) as a self-contained, dynamic
sedimentary system. Like all regional stratigraphies and as summarized
below, that of ENZOSS was at times affected by major events for which
the cause lay outside the immediate area. Leg 181 drilling confirmed
the timing of several of these influential regional events and addition-
ally provided us with a detailed record of many hitherto undocumented
changes in Neogene climate and in oceanographic flows for the EN-
ZOSS region of the Southern Ocean (Figs. F23, F24, F25; also see the
“Supplementary Material” contents list).

Late Cretaceous–Late Eocene Rift-Drift:
Start of the Kaikoura Synthem

The New Zealand continental fragment split from the Gondwana su-
percontinent in the Late Cretaceous (Anomaly 33; ~83 Ma) (Cande and
Kent, 1995) by rifting and subsequent seafloor spreading in the South
Pacific and Tasman Oceans (Molnar et al., 1975; Cande et al., 2000).
The onland geology of New Zealand, especially in South Island, con-
tains an excellent and well-understood record of these events as they af-
fected the western margin of the proto-Pacific (Carter, R., and Norris,

F23. Stratigraphic and climatic 
events vs. oxygen isotope curve, 
p. 105.
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1976). Scattered fault-controlled Late Cretaceous rift basins with a fan-
glomeratic and immature fluviatile fill (e.g., Bishop and Laird, 1976;
Laird, 1993) are succeeded by quartzose coastal plain coal measures and
shallow-marine transgressive sediments (e.g., Macpherson, 1949; Wil-
son, 1956; Gair, 1959; Carter, R., 1988a, 1988b; Warren and Speden,
1978; Bishop and Turnbull, 1996). In eastern South Island, where the
Canterbury Basin represents the very inner edge of the rift-stretched Pa-
cific margin, total subsidence was small, resulting in a thin marine
transgressive succession, generally <500 m thick, which is entirely of
shallow-water origin and characterized by condensed sediment facies
and many paraconformities (e.g., McMillan and Wilson, 1997). 

Leg 181 drilling was primarily targeted at the paleoceanographic
record contained in Neogene current drifts. Nonetheless and because of
the rudimentary knowledge of the offshore stratigraphy prior to Leg
181, drilling at Sites 1121 and 1124 unexpectedly penetrated through
important Late Cretaceous–late Eocene successions that represent the
deep-sea counterpart to the well-understood postrift transgressive sec-
tions onland. The offshore sediments are mostly fine-grained claystones
rich in biopelagic microfossils and represent part of the deep-marine
peri-continental apron that accumulated along the western fringe of
the Pacific Ocean after rifting. Drilling at Site 1124 penetrated the Cre-
taceous/Tertiary boundary, though regrettably, the boundary succession
itself, which was imaged on downhole logs, lay between two successive
cores and was therefore not retrieved (Carter, R., McCave, Richter,
Carter, L., et al., 1999). Late Cretaceous siliceous, nannoplankton-rich
claystones below the boundary change above to Paleocene nannofossil
chalks with intervals of claystone. Similar nannofossil chalks with dia-
tom-rich interbeds characterize the middle–late Paleocene section at
Site 1121, farther south along the margin. The Paleocene chalks are
overlain at Site 1124 by a 10-m-thick interval of middle Eocene dark
brown mudstone, similar to sediment facies described from Gond-
wanan immediate postrift margins by Andrews (1977) and similarly in-
ferred to represent a period of low oxygenation and sluggish bottom
water movement. At intermediate depths, dysaerobic conditions be-
came established during the late Paleocene, as marked by the deposi-
tion of the organic carbon–rich Waipawa (“Black Shale”) Formation
(Lillie, 1953), which Killops et al. (2000) suggested was formed between
~59 and 55.5 Ma on the outer shelf and upper slope during episodes of
upwelling of warm, saline, nutrient-rich deep water (WSDW). A dysaer-
obic peak also occurred at a major extinction of intermediate-water
benthic foraminiferal species that accompanied a 2‰ decrease in δ13C
at the ~55.5-Ma PETM, as recorded within siltstones of the Tawanui For-
mation in eastern North Island (Kaiho et al., 1996) and siliceous marl of
the Amuri Limestone in Marlborough (Hancock et al., 2003). More vig-
orous Paleogene bottom flows are, however, suggested by the presence
of Paleocene–early Eocene and middle–late Eocene paraconformities at
Site 1124. Nonetheless and as may also be true globally (Moore et al.,
1978; Wright and Miller, 1993), a period of stagnant circulation and
low surface productivity characterized the southwest Pacific Ocean mar-
gin in the late middle Eocene (~37–39 Ma), after which the deposition
at Site 1124 of a thin (8 m) interval of late Eocene (~34–37 Ma) nan-
nochalk represents the offshore resumption of more normal biopelagic
sedimentation prior to the dramatic ocean circulation changes marked
by the Marshall Paraconformity at ~33 Ma.

Late Cretaceous and Paleogene fine-grained terrigenous and bio-
pelagic sediments of deep marine origin occur extensively in northern
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South Island (Herring-Woolshed siltstone and Amuri chalk/chert forma-
tions) (Hollis et al., 1995; Field and Browne, 1989; Field et al., 1997) and
eastern North Island (Whangai, Waipawa, and Wanstead Formations)
(Lillie, 1953; Field et al., 1997). Characteristic Late Cretaceous transgres-
sive shelf facies (Reay and Strong, 1992; Isaac et al., 1991) pass up into
this fine-grained, deepening-upward, hemipelagic and biopelagic suc-
cession (Moore and Morgans, 1987; Field et al., 1997; Rogers et al.,
2001), which accumulated as a regional sediment apron during the
postrift foundering of the continental margin to abyssal depths. Today,
these sediments occur within the tectonically disturbed East Coast Fold
Belt, where they were emplaced by collision or accretion since the es-
tablishment of the New Zealand plate boundary in the late Oligocene
(~25 Ma).

Leg 181 drilling yielded important in situ samples of the postrift sed-
iment apron and thereby provides insight into the deepwater processes
that operated then along the southwest Pacific margin. Earlier studies,
including deterministic computer models (Barron and Peterson, 1991;
Mikolajewicz et al., 1993), have suggested that the Paleogene Pacific
Ocean circulation was dominated by a large anticlockwise gyre that dis-
tributed warm water southward from low western latitudes into the
New Zealand area (Berggren and Hollister, 1977; Frakes, 1979; Kennett
and Stott, 1991). The sediments drilled during Leg 181, and their on-
land equivalents in New Zealand, are consistent with these earlier hy-
potheses regarding Pacific circulation, containing warm-water faunas
and yielding no particular evidence for the operation of a northward-
flowing DWBC prior to the early Oligocene. 

Opening of the Tasmanian Gateway: 
ENZOSS is Born

The ENZOSS commenced at the Eocene/Oligocene boundary, when
eastward-propagating rifting through the Great Australian Bight and
Tasmanian Gateway formed the first ocean passage between the Indian
and Pacific Oceans and thereby created the proto-Southern Ocean
(Molnar et al., 1975; Cande et al., 2000; Exon, Kennett, Malone, et al.,
2001; Exon et al., 2002) (Fig. F24; see the “Supplementary Material”
contents list). This event had two immediate, climatically profound
consequences. First, it resulted in the wind forcing of strong eastward-
flowing seabed to sea-surface currents through the gap, creating the
precursor circum-Antarctic current. Second, the commencement of this
energetic zonal current system began the process of the thermal isola-
tion of Antarctica. The ensuing climatic deterioration may have been
accentuated, or even primarily caused, by a marked decline in atmo-
spheric CO2 content that occurred over the same time period (Pearson
and Palmer, 2000; cf. DeConto and Pollard, 2003). Together, these
events were a prelude to the Oi-1 oxygen isotope event that marks the
Eocene/Oligocene boundary (Devereux, 1967; Shackleton and Kennett,
1975; Miller et al., 1991), which is associated with a spike in ice-rafted
debris at Leg 120 Site 748 on the Kerguelen Plateau (Zachos et al., 1992)
and also with an associated short-term boost in productivity at South-
ern Ocean sites (Diester-Haass and Zahn, 1996; Robert et al., 2002). The
Oi-1 event has therefore been widely interpreted as marking the forma-
tion of the first southern-sourced deep cold-water flows, which were
followed by stronger cooling and ice-cap development in the Neogene
(e.g., Barrett, 1996). However, recently published benthic foraminiferal
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Mg/Ca paleotemperatures (Lear et al., 2000) do not show a significant
temperature fall at the Eocene/Oligocene boundary, suggesting that the
Oi-1 isotope event may correspond entirely to the growth of new ice on
Antarctica without concomitant generation of cold deep water. Irre-
spective of this ocean temperature ambiguity, however, at 33.7 Ma the
center of the New Zealand Plateau lay at paleolatitude ~55°S in the
southwest Pacific Ocean, immediately downstream from the throat of
the developing Tasmania–Antarctica Gateway (Lawver et al., 1992;
Exon, Kennett, Malone, et al., 2001) where “circumpolar...bottom wa-
ters were restricted to a relatively narrow channel and, hence, must
have had very high current velocities,” thereby producing “numerous
and widespread disconformities” (Watkins and Kennett, 1971, p. 817).

Oligocene Starvation and Erosion:
Marshall Paraconformity

Sites 1123 and 1124 were cored through relatively thick Neogene
successions but penetrated beyond to terminate in late Eocene and Late
Cretaceous sediment, respectively. Drilling at Site 1121 also encoun-
tered a Paleogene succession, which, in contrast, lay below thin, con-
densed Neogene deposits (Graham et al., in press). At these three sites
and also at all other deepwater sites in the southwest Pacific that pene-
trate to the Eocene (Kennett, Houtz, et al., 1975; Exon, Kennett, Mal-
one, et al., 2001), a paraconformity or complete facies change always
separates Oligocene or younger sediments above from Eocene or older
sediments below. This, the Marshall Paraconformity, has long been rec-
ognized to be present in all onland New Zealand sedimentary sections
and to mark the inception of southern-sourced current flows into the
Pacific consequent upon the opening of the Tasmanian Gateway
(Carter, R., and Landis, 1972). Subsequent DSDP (Kennett, Houtz, et al.,
1975; Kennett and von der Borch, 1986) and ODP (Carter, R., McCave,
Richter, Carter, L., et al., 1999; Exon, Kennett, Malone, et al., 2001)
drilling established the ubiquitous presence of the paraconformity in
deep marine sections throughout the southwest Pacific. Deepwater un-
conformities of similar stratigraphic significance have also been identi-
fied in the Indian Ocean (Edwards, 1973), off South Africa (Tucholke
and Embley, 1984), and on the southern Kerguelen Plateau (Diester-
Haas et al., 1993; Diester-Haas and Zahn, 1996). These Southern Ocean
unconformities mark the establishment of strong flows around the Ant-
arctic perimeter (cf. Watkins and Kennett, 1971; Kennett et al., 1974)
and probably also the start of the modern thermohaline ocean circula-
tion system.

The deepwater manifestation of the Marshall Paraconformity is illus-
trated in Figure F25 and by Exon, Kennett, Malone, et al. (2001; frontis-
piece 2). As is the case for its onland shallow-water manifestation
(Carter, R., 1985, fig. 3), the paraconformity at Sites 1123 and 1124 is
subtle and at first glance it is hard to believe that it represents a sedi-
mentation hiatus of many million years. The break is ubiquitously
marked by Chondrites (or, in shallow water, Thalassinoides) burrows that
penetrate into underlying nannofossil chalk and that are filled with the
conspicuously younger greenish gray nannofossil chalk that overlies
the unconformity. Both below and above the unconformity the sedi-
ments are extensively burrow mottled, and their shallow-water counter-
parts are also richly glauconitic, all pointing to low sedimentation rates.
Estimated periods of ~13 and ~6 m.y. are unrepresented by sediment at
Sites 1123 and 1124, respectively, the break commencing in the earliest
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Oligocene (~33.6 Ma) (Carter, R., McCave, Richter, Carter, L., et al.,
1999; McGonigal and Di Stefano, this volume). On land, at the type
locality of the Marshall Paraconformity at Squires Farm, Sr isotope dat-
ing established the duration of the gap as a shorter but still significant
~3.4 m.y. between 32.40 and 29.00 Ma (Fulthorpe et al., 1996). Else-
where on land, however, the gap across the unconformity may extend
for 10 m.y. or longer because of (1) minor marginal tilting and erosion
of the sediments beneath the unconformity (Benson, 1969; McLennan
and Bradshaw, 1984), which probably relates to the late Eocene–
Oligocene propagation of the plate boundary through western South Is-
land (e.g., Carter, R., and Norris, 1976; Turnbull, 1991; Sutherland,
1995); or, as exemplified at Site 1121, (2) extensive synparaconformity
erosion under the influence of powerful and probably corrosive seabed
currents.

Three agents are capable of causing a profound interruption to the
accumulation of biopelagic sediments in both deep and shallow water.
These are a complete switch-off of pelagic productivity, the introduc-
tion of cold and corrosive water (including possibly a shift in the CCD),
or an increase in bottom currents to a level that precludes the deposi-
tion of fine-grained sediment. Changes to productivity almost certainly
occurred along with the profound ocean reorganization that occurred
at the Eocene/Oligocene boundary (e.g., Cifelli, 1969; Benson, 1975;
Burns, 1977; Miller, 1992) and at deep Site 1124 corrosion of foramini-
fers is clearly intensified in sediments from above the Marshall Paracon-
formity compared with those from below (Carter, R., McCave, Richter,
Carter, L., et al., 1999), which is strong evidence for a new cold bottom
water source. However, abundant evidence exists that seafloor current
activity was the primary cause of the Marshall Paraconformity in shal-
low water (Carter, R., 1985; Fulthorpe et al., 1996; Carter, R., et al.,
1996; see also discussion above) and we infer a similar origin for its
deepwater manifestations (cf. Kennett, 1977). Situated as it was, as a
shallowly submergent plateau just beyond the Tasmanian Gateway, the
ENZOSS region was subjected to the impact of the partial ACC system
as soon as it developed. The abyssal seabed to sea-surface character, and
the strength, of early Oligocene current activity, which is a key feature
of the modern ACC, is demonstrated by the fact that sediment accumu-
lation was inhibited for a minimum of several million years at all depths
between a few tens of meters on the interior of the continental plat-
form and several thousand meters on the peri-continental abyssal sedi-
ment apron. 

Implications of the Revised Age of the 
Eocene/Oligocene Boundary

Three major features that reflect far-reaching oceanographic change
characterize late Eocene to mid-Oligocene sediments of the southwest
Pacific. They are 

1. The cooling of shelf and oceanic waters, as marked by the sharp
Oi-1 oxygen isotope enrichment at the Eocene/Oligocene
boundary (Devereux, 1967; Benson, 1975; Shackleton and Ken-
nett, 1975; Wei, 1991); 

2. The ubiquitous presence of the regional “mid-Oligocene” Mar-
shall Paraconformity (Carter, R., and Landis, 1972; see also the
appendix in Carter, R., et al., 1982) and other probably equiva-
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lent “early Oligocene” oceanic and continental margin uncon-
formities (Edwards, 1973; Carter, A., 1978); and 

3. A claimed global sea level fall, also of “mid-Oligocene” (~32 Ma)
age (Haq et al., 1987; Miller et al., 1985). 

Establishing the exact relationships between these events has been be-
deviled by problems of accurate dating, with added uncertainty coming
from ambiguity in the age of the Eocene/Oligocene boundary itself. For
example, Boersma and Shackleton (1977) suggested that the apparently
later age of the Oi-1 enrichment in the southwest Pacific (early Oli-
gocene) was caused by diachroneity of zone fossils between tropical and
southern locations, a discrepancy that was later partly resolved by adopt-
ing the isotope shift as itself marking the Eocene/Oligocene boundary
(e.g., Keigwin, 1980; Miller, 1992). Later, Kamp et al. (1990) confirmed
the existence of such problems by demonstrating that the traditional
late Eocene indices Globigerapsis index and Subbotina linaperta continued
well into the early Oligocene, as judged by their occurrence above the
Oi-1 event in southern Australian sections. More generally, correlation
using New Zealand Oligocene stages (e.g., Morgans et al., 1996) has long
been unsatisfactory because of an inadequate type locality for the Dun-
troonian Stage, which has an unconformable base at the Marshall Para-
conformity and comprises a condensed greensand containing reworked
microfossils (e.g., Hornibrook, 1966). There is also a lack of any alterna-
tive onland sections that are known to be continuous through the Oli-
gocene (Waghorn, 1981).

Resolution of these problems began when the estimate of 32.4–29.0
Ma was established for the age gap across the Marshall Paraconformity
at its type locality (Fulthorpe et al., 1996), shortly after the revision of
the age of the Eocene/Oligocene boundary to 33.7 Ma (Berggren and
Aubry, 1995), but ambiguities nonetheless remain. Leg 181 and 189
drilling demonstrated that the youngest sediments below the paracon-
formity offshore are 33.5 Ma (Site 1123) and 33.0 Ma (Site 1124) at Leg
181 sites (McGonigal and Di Stefano, this volume), ~33.0 Ma at Leg
189 Sites 1170–1172 (Exon, Kennett, Malone, et al., 2001), and ~33–32
Ma at DSDP Leg 29 Site 277 (Jenkins, 1974; Murphy and Kennett,
1986). Thus the “early Oligocene” isotope event (Shackleton and Ken-
nett, 1975), widespread Southern Ocean “Eocene–Oligocene” deep ma-
rine paraconformities (Edwards, 1973; Tucholke and Embley, 1984),
and the “mid-Oligocene” Marshall Paraconformity (Carter, R., and Lan-
dis, 1972) are actually closely similar in age, with the isotope shift lying
at the Eocene/Oligocene boundary at 33.7 Ma and the basal surface of
the Marshall Paraconformity following in the early Oligocene no more
than 1–2 m.y. later. The indications after Leg 181 drilling are that in the
southwest Pacific the paraconformity developed in deep water ~1 m.y.
before it spread to shallow water, which might suggest that the proto-
DWBC preceded the origin of the proto-ACC. However, the age differ-
ence of ~0.6 m.y. for the youngest sediments below the unconformity
in deep and shallow water is of the same order as the likely error on the
biostratigraphic dating, and alternatively, such a difference could also
result from the occurrence of greater seabed erosion at the deepwater
sites. 

Two new Eocene–Oligocene stratigraphies for the Tasmanian Gate-
way region have been published since the appearance of the Leg 189
cruise report (Exon, Kennett, Malone, et al., 2001). The first, by Exon et
al. (2002) omits the early Oligocene (32–33.5 Ma) hiatus depicted at
Sites 1170–1172 by Exon, Kennett, Malone, et al. (2001). Instead, Exon
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et al. (2002) show continuous deposition across the Eocene/Oligocene
boundary at the three Tasman Plateau sites, followed by a middle Oli-
gocene (~27–31 Ma) paraconformity at Sites 1170 and 1171; a similar
pattern of Eocene–earliest Oligocene continuity followed by middle
Oligocene hiatus occurs at Site 277 on the western edge of the Camp-
bell Plateau (Shackleton and Kennett, 1975) and Site 744 on the Ker-
guelen Plateau (Barron, Larsen, et al., 1989; Robert et al., 2002). The
second reinterpretation, by Pfuhl and McCave (2003), recognizes the
Marshall Paraconformity at all Leg 189 sites except Site 1168 (see addi-
tional comments in the caption to Fig. F6). Different regional interpre-
tations will apply, depending upon the correctness of these differing
stratigraphies on the Tasman Plateau and particularly upon the amount
of early Oligocene seafloor erosion that actually occurred at particular
sites throughout the Southern Ocean. Overall, however, the Marshall
Paraconformity (1) is present in all, or all but one, oceanic drill sites in
the region and (2) in its type area is centered in the early to middle Oli-
gocene in shallow water (~29–32.5 Ma) (Fulthorpe et al., 1996) and ap-
pears to start slightly earlier offshore (33.0–33.5 Ma) (McGonigal and
Di Stefano, this volume). At some locations (perhaps including Sites
1123 and 1124), seafloor erosion prior to resumed late Oligocene sedi-
ment deposition may have extended the apparent length of the hiatus
down to the Eocene/Oligocene boundary, or beyond (i.e., a nondeposi-
tional, as opposed to erosional, hiatus of early Oligocene age may never
have existed). Alternatively, two separate unconformities may be in-
volved, the older “Eocene–Oligocene” one centered in the earliest Oli-
gocene (~33 Ma) (Edwards, 1973; Exon, Kennett, Malone, et al., 2001)
and the younger Marshall Paraconformity centered in the middle of the
Oligocene (~29–32 Ma) (Fulthorpe et al., 1996). The existing data are in-
adequate to resolve the issue, especially because most of the relevant
sections lack good magnetostratigraphic, isotopic, or astrochronologic
control.

Two other significant stratigraphic conclusions follow from this dis-
cussion. First, the Vail-EXXON “mid-Oligocene” sea level fall, where it
is present at all, may, like the base of the Marshall Paraconformity,
prove to be of early Oligocene age on the revised timescale (Pekar, in
Prothero et al., 2000). Second, within the local New Zealand stage clas-
sification, the early Whaingaroan, which was assigned formerly to the
early Oligocene and for which Globigerina angiporoides is a key indicator
species, is actually partly late Eocene. Furthermore, Globigerapsis index,
the extinction of which has traditionally been taken as marking the end
of the Eocene in Australasia, is now known to persist well into the Oli-
gocene (Kamp et al., 1990). These facts may help resolve the apparent
enigma of alleged “early Oligocene” macrofossils of tropical affinities
(including Cocos nuts, Lingula, and cypraeid and coniid gastropods) (cf.
Beu and Maxwell, 1990; Hornibrook, 1992; Edwards, 1991) and the
conflicts between faunal and oxygen isotope data reported by Burns
and Nelson (1981), Adams et al. (1990), and Buening et al. (1998). The
isotope data, once displayed against an accurate timescale, probably ac-
curately reflect the global oceanic climatic trend. Many—though not
necessarily all (since shallow-water warm refugia could certainly have
existed)—of the tropical taxa reported from “early Oligocene” localities
in New Zealand may be miscorrelated and actually have lived during
the latest Eocene warm interval. Similarly, the widespread occurrence of
fossils of modern subantarctic affinities (cetacean whales, penguins,
and Notorotalia) in the condensed greensands and limestones that over-
lie the Marshall Paraconformity (Marples, 1952; Fordyce, 1977, 1981;
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Carter, R., 1985) is a clear indication of the regional change in ocean-
ography and of post-Eocene cold water influence.

Biopelagic Accumulation Resumes: 
Late Oligocene Drifts, Site 1124

Seismic evidence indicates that the first deepwater ENZOSS drifts be-
gan to accumulate along the path of the DWBC north of Chatham Rise
(Carter, L., and McCave, 1994). The oldest sediments above the Mar-
shall Paraconformity at nearby Site 1124 comprise cyclic alternations of
darker- (terrigenous) and lighter- (carbonate rich) colored, greenish gray
nannoplankton-rich chalk of late Oligocene (22.4–27.0 Ma) age (Carter,
R., McCave, Richter, Carter, L., et al., 1999). The darker mudstones con-
tain fewer and more corroded foraminifers, an increased siliceous mi-
crofauna of cold-water affinity, and reworked Eocene–Oligocene
diatoms. These materials are inferred to have been derived partly by
erosion from upstream sources such as the Paleogene sediment apron
cored at Site 1121, and their concentration in the darker mudstones
suggests increased cold water inflow at such times.

Clearly, if the Marshall Paraconformity at this site resulted from cur-
rent erosion, then that activity must have waned sufficiently by ~27 Ma
to allow the accumulation of these cyclic chalks. By comparison of their
lithologies with the similar but younger sediments at Site 1123 and
given their relatively high accumulation rates of >20 cm/k.y., the Site
1124 late Oligocene chalks represent the earliest DWBC deposits in the
Leg 181 record and their cyclicity indicates that, like the younger drifts,
they were deposited under the influence of the 41-k.y.-long astronomi-
cal cycle. Toward their top, these chalks show decreased rates of accu-
mulation (Handwerger and Jarrard, in press) (Fig. F20), perhaps
indicative of an increasing current speed toward the overlying paracon-
formity. The marked increase in the proportion of terrigenous material
after 25 Ma (Joseph et al., in press) (Fig. F22) also indicates the arrival of
“new” sediment into the path of the DWBC. This sediment may have
been derived from the newly uplifting plate boundary in the west, but
no definite pathways are known. Alternatively, therefore, the sediment
may be derived from the seabed farther south, as evidenced by the
eroded sediment apron and moat at Site 1121 and reworked Eocene–
Oligocene microfossils at Site 1124.

Unfortunately, because of the great depth and the inferred influence
of corrosive bottom water, post-Marshall Paraconformity microfossils at
Site 1124 are poorly preserved. Nonetheless, the late Oligocene section
at the site, together with the equivalent parts of Sites 1168 and 1172
(Exon, Kennett, Malone, et al., 2001), will be of particular importance
for future research into the earlier history of ACC-DWBC evolution, for
which they represent both the earliest and the only records available.

Opening of Drake (Powell) Passage

The modern mean flow of water passing through Drake Passage
above 3000 m is 97 ± 13 Sv (Orsi et al., 1995). Sensitivity modeling indi-
cates that this vigorous ACC flow depends upon the presence of the
passage (Gill and Bryan, 1971), which therefore clearly plays a pivotal
role in the maintenance of a fully circum-Antarctic, Southern Ocean
circulation. Despite contributions by many authors, it has been surpris-
ingly difficult to achieve a consensus regarding the date at which the
passage opened to oceanic circulation.
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1. Eocene South American marsupial fossils on the Antarctic Pen-
insula indicate a connection across Drake Passage up until that
time (Woodburne and Zinsmeister, 1982). Relationships be-
tween marine benthic organisms on either side of the passage
have been used in support of opening ages as widely different as
late Eocene (~37–40 Ma) (echinoid distribution, Foster, 1974; in-
creased biopelagic productivity at Maude Rise, Weddell Sea,
Diester-Haas and Zahn, 1996) and late Miocene (~6 Ma) (benthic
foraminifers; Boltovskoy, 1980).

2. As an increasing number of ocean cores became available from
the region, estimates of the age of the passage based on sediment
facies distributions or paleoceanographic reasoning mostly came
to lie in the range of Oligocene to early Miocene (~30–20 Ma)
(e.g., Tucholke et al., 1976; Ciesielski and Wise 1977; Kennett,
1978).

3. About the same time, the first detailed analyses of ocean floor
magnetic anomalies near the passage also suggested an opening
age for shallow waters in the late Oligocene (~29 Ma) but with
continental fragments impeding deepwater flow until the early
Miocene (~23.5 Ma) (Barker and Burrell, 1977, 1982). Most re-
cently, Barker (2001) reviewed this evidence and inferred an
ACC origin between 17 and 22 Ma.

4. It has been suggested that somewhat earlier passage opening oc-
curred through the Powell Basin, a marginal basin that lies im-
mediately south of the modern Drake Passage, along the
Antarctic Peninsula (Lawver et al., 1994; Lawver and Gahagan,
1998). Based on the regional geology, combined with heat flow
measurements and age/depth calculations, these authors con-
cluded that a middle- to deepwater passage opened by ridge
spreading in the Powell Basin in latest Eocene to Oligocene time
(~37–30.5 Ma). This interpretation was refined by Eagles and Liv-
ermore (2002), who document continental margin rifting along
the Antarctic Peninsula between ~40 and 29.7 Ma and identify
seafloor magnetic lineations that indicate the creation of the
Powell Basin by spreading between 29.7 and 21.8 Ma. 

The best current estimate, therefore, is that a deepwater marine gap
opened up between South America and Antarctica, initially through
Powell Basin, at ~29.7 Ma (i.e., ~4 m.y. after the opening of the Tasma-
nian Gateway).

Because of the control it exercises over the relative strengths of me-
ridional (thermohaline) and circum-Antarctic zonal (ACC) flows, the ef-
fects of the opening of Drake Passage can be expected to be
recognizable in southwestern as well as southeastern Pacific Ocean suc-
cessions. In that light, one of the most striking aspects of the Marshall
Paraconformity is the gap of 3–4 m.y. (32.7–29.0 Ma) or longer that oc-
curs across it, which we take to indicate strong corrosive and erosive
seabed current flows. When sedimentation resumed at ~29–28 Ma, sed-
iment drifts were deposited ubiquitously in the New Zealand region in
both shallow-water (Ward and Lewis, 1975; Anastas et al., 1997) and
deepwater (Carter, R., McCave, Richter, Carter, L., et al., 1999) loca-
tions. Noting this, Carter, R. (1985) and Fulthorpe et al. (1996) argued
that the early Oligocene proto-ACC-DWBC flowed into the Pacific di-
rectly across and along the eastern edge of the New Zealand microconti-
nent, where it precluded the deposition of biopelagic sediment for a
period of several million years, forming the paraconformity in the pro-
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cess. The resumption of sedimentation in the mid-Oligocene (local
Duntroonian stage) reflects lessening current flows, possibly caused by
a southward migration of the ACC core into its more strictly circum-
Antarctic path consequent upon the opening of Drake Passage. As dis-
cussed above, the best-estimate mid-Oligocene date of opening of Drake
(Powell) Passage is consistent with these previous interpretations,
which were based on sediment facies evidence. Indeed, if this line of
reasoning is correct, the conspicuous regional sedimentation changes
that occur at ~28 Ma (resumption of greensand and calcarenite deposi-
tion above the Marshall Paraconformity) and ~23 Ma (change from
coarse-grained calcareous drifts to fine-grained terrigenous drifts) in
shallow-marine sediments in eastern New Zealand may represent our
most accurate indication of the start and the complete establishment of
true circum-Antarctic flow. A similar major sub-early Miocene uncon-
formity overlain by terrigenous sediment drifts also occurs on both the
upstream and downstream side of Drake Passage in the southeast Pacific
and South Atlantic, respectively (Tucholke et al., 1976; Wright and
Miller, 1993).

Prior to the opening of Drake Passage, enhanced northward meridi-
onal flow is expected to have occurred in the Southern Hemisphere,
with a greater outflow of AABW to the world ocean and a weaker ACC,
both factors that today act to suppress NADW production (Mikola-
jewicz et al., 1993). Thus, prior to ~5 Ma, which approximates to the
closure of the Isthmus of Panama and the start of NADW production
(Warren, 1983; Wright et al., 1991; Haug and Tiedemann, 1998; Collins
et al., 1996; Haug et al., 2001; Lear et al., 2003), the primary source of
global ocean deepwater production was probably cooling in the high
latitudes of the Southern Hemisphere (Katz and Miller, 1991). Accord-
ingly, during the period ~33.7–5 Ma, the Pacific DWBC constituted an
even more important limb of the thermohaline circulation than it does
today and variations in heat flux, modulated by its changing flow, may
have been a primary determinant of global climate change. 

Miocene DWBC Drift Accumulation

Late Oligocene drift deposits at Site 1124 are interrupted by a 5.4-
m.y.-long paraconformity that starts at ~22.4 Ma. Above this break, cy-
clic nannofossil chalks similar to those below accumulated from 17.6
Ma onward, with two further paraconformities at ~16.5–15.0 Ma and
~14–11 Ma (Carter, R., McCave, Richter, Carter, L., et al., 1999). Mean-
while at nearby Site 1123, North Chatham Drift sedimentation com-
menced at ~21 Ma and continued almost unbroken to today (Carter, R.,
McCave, Richter, Carter, L., et al., 1999; Wilson et al., 2000b). At both
Sites 1123 and 1124, deposition occurred in concert with a prominent
41-k.y. climatic beat, as shown by the cyclic lithologic logs and the or-
bitally tuned grain size record of Hall et al. (2003). Intervals with re-
duced biogenic carbonate correspond to enhanced corrosive bottom-
water flow from southern sources, as inferred from the increased size of
terrigenous sortable silt and the presence of reworked subantarctic dia-
toms. Like the diatoms, some of the terrigenous component was proba-
bly derived from seafloor erosion farther south rather than from the
main New Zealand landmass. 

The regular Milankovitch obliquity cycles are superimposed upon
other episodic shifts that are manifest in the drift record, for instance,
the sharp increase in carbonate flux at ~13.5 Ma (Sites 1123 and 1124),
which Handwerger and Jarrard (in press) associate with increased pro-
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ductivity and which occurs ~1 m.y. after the marked middle Miocene
cooling step recorded in the global oxygen isotope curve (Zachos et al.,
2001). Latest Miocene to early Pliocene (~7.0–4.6 Ma) warming and re-
sumed cooling between ~4.0 and ~2.5 Ma are marked at Leg 181 core
sites in manifold ways (see the “Supplementary Material” contents
list), yet none of these events disrupted the background functioning of
the DWBC. From at least 27.0 Ma and probably from 33.7 Ma, the Pa-
cific DWBC current continued its metronomic supply of deep cold wa-
ter to the Pacific Ocean; waxing—occasionally to the point of seabed
erosion—and waning awhile, but always present.

Post-Middle Miocene Volcanic Supply

Calc-alkaline volcanic activity commenced in New Zealand in the
mid-Cenozoic at the same time as regional tectonism related to the in-
ception of the North Island plate boundary (Stoneley, 1968; Delteil et
al., 1996). An active andesitic volcanic chain became established in the
Auckland-Northland region at ~25 Ma in the late Oligocene (Ballance et
al., 1985), associated with other dramatic geological changes including
the emplacement of the Onerahi Chaos Breccia (Kear and Waterhouse,
1967) as part of the Northland Allochthon (Ballance and Sporli, 1979).
This, the first of the three active chains of arc volcanoes related to sub-
duction beneath the North Island, now lies far to the west because it
was rotated away from the modern trench by intra-arc extension along
the younger Coromandel and Taupo Volcanic Zones (cf. Walcott, 1984).
Fragmental ejecta from the Northland arc are widely preserved in the
nearby Oligocene–Miocene Waitemata Basin (e.g., Hayward, 1993), and
altered green clay layers of late Oligocene–late Miocene age from Leg 90
drill sites on the Lord Howe Rise can be interpreted as altered ashes de-
rived from the Northland arc (Gardner et al., 1985). Northland arc
ashes may occur in the ENZOSS record as similar altered green clay lay-
ers at Site 1124. 

Early remnants of ash notwithstanding, the record of unaltered mac-
roscopic tephra derived from the Coromandel and Taupo Volcanic
Zones starts at Site 1124 at ~12 Ma, near the middle/late Miocene
boundary. Thereafter, the offshore ash record is semicontinuous, with
134 macroscopic tephra layers punctuating the background hemipe-
lagic sediments. As outlined in more detail earlier in this review, these
tephra provide a significant source of particulate sediment into the
ENZOSS and represent an excellent record of major volcanic eruptions
from the North Island arc.

ENZOSS Climatic Record and Origin 
of Ocean Circulation and Fronts 

We described earlier the evidence for the early Oligocene (~33.7 Ma)
initiation of a strong southern-sourced current system across the south-
west Pacific region. Ubiquitous seafloor erosion in both shallow and
deep waters suggests that this protothermohaline system resembled the
modern ACC, in that it occupied the entire seabed to sea-surface water
column. Burns (1977), using microfossil evidence from DSDP Legs 21,
28, and 29, gave the first summary of the development of Southern
Ocean water masses and fronts that followed the pivotal Eocene/
Oligocene change.

Prior to the Oligocene, an undifferentiated calcareous, open ocean
microfossil assemblage was regionally widespread. During the Oli-

http://www-odp.tamu.edu/publications/181_SR/181TOC.HTM
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gocene, a cool nannoflora (including Isthmolithus recurvus) and siliceous
cool-water microfauna developed in coastal locations around Antarc-
tica, followed by marked change in the early Miocene when the first sil-
iceous assemblages characteristic of modern Antarctic waters appeared
near Antarctica (Leg 28, Site 267); farther north, away from Antarctica,
the undifferentiated oceanic microfauna was replaced by an early Mio-
cene assemblage similar to that of modern cool subtropical water (Leg
21, Site 281). Burns (1977) identified a precursor fauna to that of mod-
ern Circumpolar Subantarctic water at Leg 29 Site 278 during the early
Miocene, but not until the end of the Miocene did this zonal water
mass become regionally extensive. Summarizing, the first proto-Polar
Front probably appeared during the Oligocene (cf. Kaneps, 1975) and
signaled the start of the regional differentiation of water masses away
from a cooling Antarctica. A precursor southwest Pacific Ocean water
circulation similar to today’s appeared in the early Miocene, and the
differentiation of this system took place by northward expansion and
strengthening of oceanographic gradients, including an intensification
of subtropical gyral circulation (Kennett et al., 1985), during the middle
and late Miocene. By the Pliocene, the belt of Subantarctic water inter-
mediate between Antarctic and Subtropical waters was established as a
circum-Antarctic feature and the direct predecessor water masses and
fronts of the modern circulation were all in place (Kennett, Houtz, et
al., 1975; Burns, 1977; Lazarus and Caulet, 1993). 

Leg 181 results are consistent with earlier onland studies regarding
New Zealand paleoclimate (Hornibrook, 1992) (cf. Fig. F3), which sug-
gests the occurrence of a middle Miocene subtropical climatic optimum
at ~16–17 Ma followed by climatic deterioration into the Pliocene–
Pleistocene. As discussed earlier, from the Oligocene onward phases of
enhanced DWBC flow generally correspond to marked climatic cool-
ings. Increased biopelagic productivity and foraminiferal census counts
also demonstrate the existence of early Pliocene climatic warming, al-
beit followed by further cooling at ~4 Ma. After 4 Ma, all proxy indica-
tors reveal short-period, often Milankovitch-scale, alternations of
warmer and colder climate, though only small parts of the record have
yet been examined in detail (e.g., Hall et al., 2002, 2003; Sabaa et al., in
press; Scott and Hall, in press). Oxygen isotope results suggest that sig-
nificant surface cooling affected nearshore ENZOSS waters over the last
0.7 m.y. (Site 1119) (Carter, R., unpubl. data), consistent with the inten-
sified winnowing reported for this period for intermediate-depth waters
on Lord Howe Rise by Kennett and von der Borch (1986). However, the
average peak glacial and interglacial temperatures of oceanic surface
waters over the same time interval remained essentially unchanged
(Site 1123) (Hall et al., 2001).

Regarding the initiation of oceanic frontal zones in the southwest Pa-
cific, we agree with earlier writers that the number of drill sites available
is insufficient to tightly constrain the origins of the STF and SAF. Mur-
phy and Kennett (1986) argued from an analysis of the Eocene–early
Oligocene isotope records at Leg 29 Site 277 and Leg 90 Sites 592 and
593 that no frontal structure can have lain between these sites prior to
the Oligocene. They inferred from diverging intermediate and surface
water isotope records between Site 277 and sites farther north that, after
~33 Ma, intermediate water flows had commenced as part of the en-
hancement of the latitudinal thermal gradients that eventually led to
the formation of the STF and SAF. However, Murphy and Kennett
(1986, p. 1359) also noted that “ … biogeographic similarities in calcar-
eous microfossils suggest that the Subtropical Convergence (= STF) had
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not yet formed by the end of the Paleogene” and that “biostratigraphic
evidence suggests formation of this convergence in the middle Mio-
cene.” In contrast, Kamp et al. (1990), Hornibrook (1992), and Buening
et al. (1998) used shallow-marine faunal distributions and isotope data
to infer that a proto-STF had already developed off Southern Australia
and eastern South Island by the early Oligocene and Nelson and Cooke
(2001) recently argued for the existence of this front since the latest
Eocene. Any such early-established front would have initially marked a
simple separation between increasingly cold circumpolar water and the
major warm tropical-subtropical gyre water, and its modern descendant
may therefore be the more northerly Tasman Front that separates warm
from cool subtropical water (20°C summer isotherm) rather than the
later-developing STF (15°C summer isotherm).

Data from Leg 181 and other available data do not closely constrain
the time of formation of either the STF or the SAF in the southwest Pa-
cific but are consistent with the formation of the AAPF in the early Oli-
gocene and the STF and SAF some time between the early Oligocene
and the early Miocene. Relevant information includes

1. Oligocene and younger shallow and intermediate-depth sedi-
ment drifts occur throughout eastern New Zealand, changing
from carbonate facies in the late Oligocene to terrigenous facies
in the early Miocene (Carter, R., 1985; Carter, R., et al., 1996).
Drilling at Site 1119 confirmed the Pliocene–Pleistocene age of
the upper part of the terrigenous drift succession, which shows a
consistent (seismic) drift facies back to the early Miocene. We in-
fer that the subduction of AAIW water at the ancestral AAPF was
occurring from at least the early Miocene, after which time its
northward passage caused the deposition of the Canterbury ter-
rigenous drifts (cf. Fulthorpe and Carter, R., 1991; Lu et al.,
2003).

2. Flower and Kennett (1993, 1994) used isotope data to infer that
Tethyan-sourced warm, saline deep water was competing with
cold southern-sourced deep water between ~16 and 14.9 Ma in
the southwest Pacific, just prior to the major increase in oxygen
isotope values that represents Antarctic ice sheet growth from
14.5 to 14.1 Ma. Leg 181 data, which come from rather more
southerly sites, are consistent with a fluctuating but continuing
southern source through the middle and late Miocene (e.g. Fig.
F21A). However, bolboforms, which are reliable cold-water indi-
cators and may also specifically mark the presence of AAIW, first
appear at Site 1123 at ~13 Ma and have a regular presence after
11.7 Ma (Crundwell, in press) (cf. Fig. F12). Leg 90 Site 593 in the
Tasman Sea contains a similar bolboform stratigraphy and also
exhibits a slightly older (15–18 Ma) condensed and oxygenated
“orange interval,” which Kennett and von der Borch (1985) and
Nelson (1986) interpreted as marking the start of northward-
flowing AAIW in the Tasman. Site 1120 on the Campbell Plateau
contains a small hiatus at this time (16.7–15.8 Ma). These vari-
ous events may mark the site-specific strengthening of a general
regional increase in AAIW flow strengths, and AAPF frontal
structure, during the middle Miocene.

3. Detailed census studies of foraminifers at Sites 1123 and 1124
(Hayward et al., in press) show that there are significant differ-
ences between lower bathyal faunas north and south of
Chatham Rise, suggesting the presence of a proto-STF in eastern
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New Zealand since at least the early Miocene. Major microfaunal
changes also occur between ~5.0 and 6.5 Ma (cf. Fig. F14), when
the planktonic foraminiferal fragmentation index shows a
marked decline at Site 1123 and benthic foraminiferal assem-
blages at both sites show a marked shift of key species. Hayward
et al. interpret these changes as marking a deepening of the
CCD, a decrease in dissolution, a decrease in water oxygen con-
tent, and an increase in food supply; all these features are consis-
tent with a latest Miocene restructuring of water masses into
essentially the modern system (Kennett and von der Borch,
1985; Nelson and Cooke, 2001), after which both the SAF and
STF were strong and permanent frontal features.

4. Detailed isotope and MAR studies at Site 1125 (Grant and Dick-
ens, 2003) have demonstrated the presence there of a strong late
Miocene–Pliocene “biogenic bloom” starting at ~5.8 Ma, consis-
tent with the initiation of strong frontal (STF) structure at that
time; a biogenic bloom of similar age, the “Chron 6 carbon
shift,” is widespread in the world ocean (Haq et al., 1980; Ken-
nett and von der Borch, 1985; Hodell and Kennett, 1986; Wei,
1998; Dickens and Owen, 1999; Grant and Dickens, 2003), con-
sistent with the ocean restructuring and the global strengthen-
ing of frontal zones at that time.

5. After a period of steady middle–late Miocene nannofossil ooze
accumulation, the Site 1120 record displays a major paraconfor-
mity at 1.9–5.6 Ma, above which occurs only 12 m of Pleistocene
sediment, itself punctuated by further paraconformities (Carter,
R., McCave, Richter, Carter, L., et al., 1999). These features are
consistent with the commencement of steady intermediate-
depth cool-water flows across the Campbell Plateau from the lat-
est Miocene onward. 

We conclude that southern-sourced intermediate-depth water flows
deriving from a proto-AAPF traversed the New Zealand region from the
early Oligocene onward, strengthening after the climatic cooling that
followed the ~16-Ma climatic optimum (cf. Flower and Kennett, 1993,
1995). Somewhat later, in the latest Miocene (~7–5 Ma), the direct ante-
cedents of today’s SAF and STF developed, stimulated by a marked cli-
matic deterioration (e.g., Zachos et al., 2001) and as part of the global
ocean restructuring that is inferred to have occurred at that time (e.g.,
Wright et al., 1991). 

Bounty, Hikurangi, and Solander Channels and Other 
Late Neogene Sediment Sources to the DWBC

The Solander, Bounty, and Hikurangi Channels are the three main
conduits through which sediment is today delivered from the New
Zealand landmass into the path of the DWBC (Carter, L., et al., 1996). 

The modern Bounty Channel is fed by tributary canyons and chan-
nels in the head of the Bounty Trough (Carter, R., and Carter, L., 1996),
a basin that was created during the Late Cretaceous rifting of the mar-
gin (Davey, 1993). The bulk of the trough remains unfilled, despite the
advance of the South Island shelf sediment prism into its western head
since the early Miocene (Carter, R., and Norris, 1976). The trough cen-
ter has undoubtedly been present as a marked bathymetric low since
the Late Cretaceous, and evidence exists for the presence since the early
Eocene of a proto-Bounty Channel in a now-filled subsidiary headward
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rift (the Great South Basin) (Carter, R., and Carter, L., 1987). Nonethe-
less, seaward of the Late Cretaceous–Eocene shore-connected, transgres-
sive sediment prism, the ENZOSS deep seafloor continued to receive
mainly biopelagic detritus until the late Oligocene–early Miocene.
Then, at ~23.4 Ma and almost simultaneously with the beginning of
terrigenous regression in the South Island (Finlay, 1953; Lewis et al.,
1980; Fulthorpe et al., 1996) and the inception of subduction in the
North Island (Ballance, 1976; Field et al., 1997), rhythmic terrigenous–
carbonate DWBC sedimentation commenced at Site 1124 (Fig. F22; also
see the “Supplementary Material” contents list). The route by which
the terrigenous sediment reached the DWBC is unclear, though some
was undoubtedly provided from seafloor erosion along the edge of
Campbell Plateau. Another possibility is that of transport through a
paleo-Bounty Channel, but the presence at Site 1122 of early Pliocene
contourites containing reworked diatoms from farther south suggests
that a Bounty source only became significant during and after the late
Pliocene.

The presence of 41-k.y.-long cycles of clay-rich and clay-poor layers
throughout the post-Oligocene successions at Sites 1123 and 1124 indi-
cates that fine-grained terrigenous sediment was continually fed into
the DWBC from the late Oligocene onward. In addition, the gradual
post-Oligocene enrichment of illite + chlorite at the expense of smectite
at Site 1123 (Winkler and Dullo, this volume) is indicative of a
“steady-state” system undergoing a progressive change in provenance
lithology. Such background flux to the DWBC notwithstanding, the Leg
90 Site 594 record (Dersche and Stein, 1991) shows that during the Mio-
cene–early Pliocene the southern slopes of Chatham Rise continued to
accumulate mainly biopelagic chalk, after which the record shows the
same enrichment of illite + chlorite that occurs over a longer period at
Site 1123. Site 594 clearly lay outside the main zone of terrigenous sup-
ply to the offshore until ~4 Ma (age model of Grant and Dickens, sub-
mitted [N5]) (Fig. F26), when terrigenous material first started to
become a significant sediment component at ~170 mbsf (Kennett, von
der Borch, et al., 1986). This date coincides with the start of the strong
global Pliocene oxygen isotope enrichment trend (e.g., Zachos et al.,
2001) and therefore probably represents lowered sea levels and the di-
rect delivery of terrigenous material to the Bounty Trough. Conse-
quently, overspilling turbidites may have reached Site 594 for the first
time then. Sediment movement away from a Bounty Channel source
would have been accentuated by the accelerated northward-flowing
AAIW contour currents and STF frontal currents that developed within
the Bounty gyre as climatic deterioration developed. Terrigenous sedi-
ment transported along-slope to Site 594 becomes even more marked at
~2.5 Ma (145 mbsf), above which are strong rhythms of alternating
nannochalk/ooze and hemipelagic mudstone that correspond to the es-
tablished Pliocene–Pleistocene climatic and oxygen isotope cycles (Nel-
son et al., 1985). McMinn et al. (2001) show that the 145-mbsf facies
change at Site 594 corresponds to MIS 100 (~2.53 Ma) and that diatom
and dinoflagellate assemblages change at that time in a way that “may
reflect the fundamental reorganization of the pelagic ecosystem in re-
sponse to...major climate change.” These interpretations, and the infer-
ence of latest Pliocene climatic deterioration, are consistent also with
data from Site 1122, on the left-bank levee of the abyssal Bounty Fan.
There, a paraconformity straddles the period of ~5.0–2.2 Ma, pointing
to enhanced DWBC/ACC flow at this time. The paraconformity sepa-
rates early Pliocene DWBC contourite sediments below from higher

F26. Timescales, Sites 594 and 
1125, p. 108.
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sedimentation–rate turbidites above, within which fan turbidites come
to dominate the depositional facies from ~1.7 Ma onward.

Whereas the course of the Bounty Channel through the Neogene was
largely determined by the location of the rift axis of the Bounty Trough,
the location of the Hikurangi Channel was strongly influenced by the
position of the axis of the Hikurangi Trough, which the headward
channel course still follows (Lewis, 1994). It is likely, therefore, that a
proto-Hikurangi Channel has existed along the eastern North Island
margin ever since subduction commenced at ~25 Ma in the late Oli-
gocene. Like other known trench channels, however, the terminus of
the paleo-Hikurangi channel was probably “captured” by the trench
(e.g., Surveyor Channel) (Ness and Kulm, 1973), to which it delivered
an aggradational turbidite fill (Lewis et al., 1998). For the Hikurangi
Channel to provide sediments into the DWBC as it does today requires
that its path was diverted out of the trench toward the east. This is un-
likely to have occurred by simple channel avulsion both because of the
height of the oceanward slope up onto the Hikurangi Plateau and be-
cause Coriolis-induced turbidity current overspill, and therefore avul-
sion is preferentially concentrated on left channel banks in the
Southern Hemisphere (e.g., Carter, L., and Carter, R., 1988; cf. Menard,
1955). Rather, Lewis (1994) and Lewis et al. (1998) show that diversion
of the channel was caused by the catastrophic collapse of a large por-
tion of the inner trench slope, which Hall et al. (2002) estimated to
have occurred in the early Pleistocene, at ~1.7 Ma. The resulting Rua-
toria seaslide blocked the axis of the Hikurangi Trough and diverted the
north-flowing Hikurangi Channel 400 km east across the Hikurangi Pla-
teau to Rekohu Drift, which diverted it northeastward for a further 200
km to Rapuhia Scarp and into the path of the DWBC. Sediment flux
records at Site 1124 (Carter, R., McCave, Richter, Carter, L., et al., 1999),
on the crest of Rekohu Drift, suggest that overspilling distal turbidites
from Hikurangi Channel first reached the drift at ~1.65 Ma and thereby
confirm the earlier geological estimates of the timing of channel diver-
sion from the Hikurangi Trough.

Farther south, the Solander Channel/Fan complex prograded toward
the DWBC/ACC flow from about the late Miocene onward. However, it
was a change in deep circulation that instigated the Solander contribu-
tion to the abyssal sediment budget, when the creation of a tectonic
seaway through Macquarie Ridge in the Pliocene allowed the ACC to
enter the lower Solander Trough, erode the Solander Channel/Fan com-
plex (Schuur et al., 1998), and shift material east and north out of the
basin. This eroded sediment contributed to drift deposition in the Em-
erald Basin (Carter, L., and McCave, 1997).

The establishment of these three major channel sediment injection
points, the increased tectonic (e.g., Sutherland, 1996; Mortimer et al.,
2001) and volcanic (e.g., Carter, L., et al., 2003, in press a) activity along
the New Zealand plate boundary, and powerful paleoclimatic oscilla-
tions, all contributed to the major changes that occurred throughout
the ENZOSS during the Pliocene–Pleistocene. The combined effect of
these changes was to add a prominent terrigenous component to the
previously biopelagic-dominant drift deposits of the DWBC (Hall et al.,
2001, 2002; Joseph et al., in press; Handwerger and Jarrard, in press). In
contrast to the older carbonate-rich Oligocene–Pliocene DWBC drifts at
Sites 1123 and 1124, the Hikurangi Fan–Drift and Bounty Fan are dom-
inantly terrigenous (McCave and Carter, L., 1997; Carter, R., McCave,
Richter, Carter, L., et al., 1999; Carter, L., and McCave, 2002), though
they do contain a small percentage of biopelagic material concentrated



R.M. CARTER ET AL.
LEG 181 SYNTHESIS: EVOLUTION OF THE SOUTHWESTERN GATEWAY 54
in interglacial intervals. In the case of Bounty Fan, at least, the DWBC
redistributes some of its sediment north along the DWBC path, as
shown by mineralogical tracer studies (Carter, L., and Mitchell, 1987).

Despite the dominance of channel sediment supply, flux studies by
Hall et al. (2002), Joseph et al. (in press), and Carter, L., et al. (2000) as
well as palynological analysis of Site 1123 (Mildenhall et al., in press)
show that the ENZOSS also has a number of nonchannel sediment
sources. In particular, Site 1123, which is located well above the dis-
charge depth of Bounty Channel, received pulses of sediment over the
past 3 m.y. that Hall et al. (2002) relate to periodic remobilization of
sediment upstream by an invigorated ACC. Site 1123 also contains
water-borne pollen derived from the North Island, which perhaps indi-
cates transport to the site via the warm, south-flowing East Cape Cur-
rent (Mildenhall et al., in press), and a minor eolian component was
identified also by Thiede (1979) and Stewart and Neall (1984). Finally,
the increasing tectonic tempo at the New Zealand plate boundary dur-
ing the Quaternary was associated with an increase in the frequency of
large volcanic eruptions from the Taupo Volcanic Zone (Carter, L., et al.,
2003, in press a). Such activity contributed much air fall material to
northern ENZOSS, and at Site 1124 macroscopic tephra make up 6% of
the late Cenozoic sequence.

Glacial–Interglacial Influences on Sediment 
Supply and Distribution

In addition to evidence for the longer-term changes summarized
above, the Leg 181 record preserves a striking record of cyclic glacial–
interglacial change in the ENZOSS area for the last ~2.6 m.y. and of par-
allel 41-k.y.-modulated cold–warm climate cycles back to the late Oli-
gocene (cf. see the “Supplementary Material” contents list).

During late Cenozoic glacial lowstands, the seaward extension of
New Zealand river mouths to feed directly into the heads of canyons
and submarine channels introduced a flush of sediments to ENZOSS
fans and drifts. Not surprisingly, therefore, glacial sediment fluxes can
exceed interglacial counterparts by factors of 2–3 (e.g., Lean and Mc-
Cave, 1998; Carter, L., et al., 2000; Hall et al., 2001). In addition, the
glacial ENZOSS received more eolian detritus under the strong winds of
the times (e.g., Stewart and Neall, 1984), more hemipelagic detritus un-
der an enhanced wind-forced surface circulation, and possibly even
more volcanic ash. All this sediment interacted with an invigorated gla-
cial DWBC/ACC. Accordingly, sortable silt (Hall et al., 2001) and Ant-
arctic diatoms, including reworked forms (Stickley et al., 2001),
increased in abundance, whereas calcium carbonate content decreased
because of both reduced productivity and corrosion under the expand-
ing and accelerating Antarctic bottom waters (Hall et al., 2001). In con-
trast, interglacial sediment intervals record a reduction of terrigenous
input and a reversal of the other factors listed above.

Detailed glacial–interglacial studies completed to date have been
based mainly on the Site 1119 and 1123 records. The upper part of Site
1119 contains an expanded succession of the last ~250 k.y. (MIS 1–7),
which confirms that topographic steering was a controlling influence
on the location of the STF in the late Pleistocene and shows that strong
along-front current flows were developed during glacial periods (Carter,
R., et al., in press). Studies of the orbital sedimentary signal at Site 1123
show that the strength of DWBC flow also varied through time, with
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stronger flows during glacial periods back to 1.2 Ma (Hall et al., 2001).
An alternating flow pattern applies between warm and cold period cy-
cles in the early middle Miocene at Site 1123, which also contains a
clear record of longer-term (>41 k.y.) changes in DWBC flow strength
(Hall et al., 2003). Undoubtedly, more research will be accomplished in
the future on specific aspects of glacial–interglacial cycling in the Leg
181 cores.

TEN PRINCIPAL CONCLUSIONS: 
SUMMARY OF ODP LEG 181

The results of Leg 181 demonstrate well the synergy that results from
placing offshore paleoceanographic research within a well-understood
onshore–offshore basinal context. The New Zealand region, set within
the mid-latitudes (~35°–55°S) of the Southern Hemisphere, possesses an
outstandingly complete and well-studied onland Late Cretaceous–
Cenozoic stratigraphic succession. The surrounding marine realm com-
prises subtropical to polar surface water masses and their separating SAF
and STF frontal systems. At depth, the cold, powerful, north-traveling
Pacific DWBC passes along the submerged eastern edge of the micro-
continent. All major changes in global climate during the last half of
the Cenozoic have been reflected in—and in some instances caused,
buffered, or reinforced by—concomitant changes in these major South-
ern Ocean oceanographic features. Of special significance are those
changes that were associated with the early Oligocene start of the ther-
mohaline circulation system and the subsequent global climatic deteri-
oration into the late Cenozoic ice ages.

Leg 181 set out (1) to improve our knowledge of the timing of the es-
tablishment and evolution of a major segment of the ocean thermo-
haline circulation system and (2) to provide an understanding of how
different parts of the ocean system, especially the DWBC and its overly-
ing mid-latitude frontal systems, respond to climatic cycling at Milank-
ovitch and other periodicities. These goals were achieved, and, relating
to them, we draw the following 10 principal conclusions: 

1. Cretaceous–Paleogene Sediment Apron (Sites 1121, 1123, and
1124). After the initial rifting of the western margin of the South
Pacific Ocean, Late Cretaceous–late Eocene radiolarian and nan-
nofossil oozes and clays accumulated as a deepwater sediment
apron along the edge of the subsiding New Zealand Plateau. Mi-
crofossil data indicate warm surface waters and both deep- and
shallow-water circulation into the region may have been south-
ward on the anticlockwise western limb of a proto-Pacific cur-
rent gyre. Phases of current activity vigorous enough to cause
hiatuses occurred in both the Paleocene and Eocene, and an ep-
isode of clay deposition of inferred stagnation origin occurred at
~39–37 Ma in the late middle Eocene (Site 1124). By the late
Eocene, nannofossil ooze (chalk) deposition was regionally per-
vasive.

2. Start of Thermohaline Circulation: Marshall Paraconformity
(Sites 1121, 1123, and 1124). Rifting between Australia and
Antarctica and the creation of a deepwater link between the In-
dian and Pacific Ocean was completed at the Eocene/Oligocene
boundary (~33.7 Ma). All Southern Ocean drill sites in and east
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of the Tasmanian Gateway record this event as the Marshall
Paraconformity, a several million-year-long early–late Oligocene
sedimentation gap across which occurs a profound change of de-
positional environment and style. 

In both deep- and shallow-water successions, sediments
above the Marshall Paraconformity are ubiquitously affected by
vigorous current activity consequent upon a restructured ocean
circulation. The Marshall Paraconformity represents the start of
a fast, cold current around at least part of Antarctica and the
production of increased volumes of cold bottom water. It also
marks the start of the ENZOSS, the stratigraphy of which
records a dynamic interplay between evolving oceanic hydrog-
raphy, which today includes two major frontal systems, and
sediments provided by biopelagic productivity and by erosion
along the evolving New Zealand plate boundary.

3. Oligocene and Younger ACC/DWBC Erosion (Sites 1121, 1123,
and 1124). Erosion and corrosion of the seabed dominated the
first 3–10 m.y. of ACC/DWBC activity in the southwest Pacific.
At Site 1121, situated beneath the highly energetic combined
ACC/DWBC, strong post-Eocene erosion removed the entire late
Paleocene–late Eocene top of the Paleogene sediment apron.
Sediments above the Marshall Paraconformity at this site com-
prise only a 15.2-m-thick skin drift of abyssal clay and exten-
sively reworked foraminiferal and quartz sand with episodic
layers of small manganese nodules down to 5.40 mbsf. 10Be dat-
ing of the nodules and sediment matrix indicates an age of ~18
Ma at ~7 mbsf and identifies probable phases of enhanced
DWBC flow at ~15–12, 10–8, and 1.5–0 Ma (Site 1121). At Site
1123, a gap of 13 m.y. (33.6–20.5 Ma) separates late Eocene–early
Oligocene nannofossil chalk from the early Miocene DWBC
drifts above, whereas a shorter gap of 6 m.y. (33–27 Ma) is
present at Site 1124. Earliest Oligocene sediment below the Mar-
shall Paraconformity at these two sites and at DSDP Leg 29 Site
277 suggests that the onset of seafloor erosion generally post-
dated the Oi-1 isotope event by up to ~2 m.y.

4. Late Oligocene and Younger DWBC Sediment Drifts (Sites
1123 and 1124). Beneath the path of the DWBC, sediments
above the Marshall Paraconformity everywhere comprise abyssal
biopelagic (~66% carbonate) drifts. The oldest drifts yet sampled
are late Oligocene to early Miocene (~26.1–16.5 Ma) nannofossil
chalks at Site 1124, which exhibit color-banded sedimentary
couplets with alternately greater and lesser terrigenous clay and
biosiliceous contents. These chalks and the similar ~21.0- to 0.0-
Ma drift sediments at Site 1123 contain a high-resolution record
of 41-k.y. Milankovitch climatic cyclicity and DWBC variability
since the late Oligocene. Grain size analyses and MST logs show
that throughout this succession DWBC current speeds were cou-
pled to the climate system at 41-k.y. frequency. Longer-term
trends in DWBC mean flow in the middle Miocene occur in par-
allel with increases in the production of intermediate-depth cold
waters at sites north of New Zealand and, hence, probably reflect
periods of growth of the East Antarctic Ice Sheet.

Micropaleontological studies, controlled since 4 Ma against a
detailed stable isotope history and prior to that by astrochrono-
logic tuning of physical properties and by paleomagnetic chro-
nology, provide strong evidence for progressive climatic
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deterioration after ~15 Ma, with a warm period between ~5 and
3.3 Ma in the Pliocene and notable cold punctuations (prior to
the 2.5-Ma start of enhanced glacial cycles) at 10.93, 10.61,
9.62, 9.44, 7.00, 6.20, 3.37, 3.03, 2.83, and 2.70 Ma.

5. Neogene Fluctuations in SAMW/AAIW (Site 1120). At shal-
lower depths across the submerged eastern New Zealand conti-
nental rim (Campbell Plateau) but outside the realm of
terrigenous influence, slowly accumulating foraminiferal nan-
nofossil chalks are punctuated by hiatuses at ~16.7–15.8, ~5.6–
1.9, and ~0.90–0.24 Ma, indicative of strong ancestor SAMW/
AAIW flows at these times.

6. Front Establishment, Intermediate Water Production, and
Their Variation (Sites 1119 and 1125). Foraminiferal evidence
indicates the presence of a front in the vicinity of the modern
STF that curves around east of South Island and along the
Chatham Rise since at least the early Miocene (~20 Ma) and a
proto-STF that may have been present back to ~30 Ma. Site 1119,
at 396 m water depth on the subantarctic side of the STF, records
periods of seaward (southeastward) movement of the STF and
strongly enhanced water flows along the front during recent gla-
cial periods. Site 1125, at intermediate depth on the subtropical
side of the STF, records a strong frontal productivity signal in the
late Miocene–early Pliocene with enhanced sedimentation rates
up to 13 cm/k.y. and a nutrient-enriched δ13C signature between
5.6 and 4.8 Ma that gradually returns to more typical levels by
~3 Ma.

Deeper sediments at Site 1119 contain a record of SAMW/
AAIW activity back to ~3.5 Ma. Because these water masses are
formed, respectively, at the SAF and AAPF, their presence indi-
cates the presence also of these two frontal features. The base of
Site 1119 lies just within the top of a thick interval of large ter-
rigenous sediment drifts that are inferred to have been depos-
ited from north-flowing AAIW since the early Miocene (~23
Ma). These drifts represent the intermediate-depth equivalents
of the deeper-water DWBC drifts located farther east. The thick-
ness and restricted presence of the drifts across the head of the
Bounty Trough shows that vigorous northeasterly intermediate
flows, sourced from a proto-AAPF, have occurred along the east-
ern South Island margin since the early Miocene. These flows
evolved from the erosive early Oligocene and depositional late
Oligocene–early Miocene DWBC-ACC, which deposited the re-
gional Kekenodon Group greensand and carbonate drifts (cf.
Fig. F24) that underlie the terrigenous Canterbury Drifts. The
further climatic deterioration that occurred during the late mid-
dle Miocene (~15–12 Ma) and the late Miocene–Pliocene (~7–
2.5 Ma) had the effect of strengthening the STF and AAPF, lead-
ing to the development of the SAF, probably sometime during
the early–middle Miocene. In turn, the development of these
fronts and changes in associated water masses caused (a) inten-
sification of northeasterly flow along the closely spaced density
gradients of the STF, which was probably locked onto the east-
ern South Island and Chatham Rise bathymetry from the early
Miocene onward, and (b) intensification of AAIW subduction
and SAMW formation at the AAPF and SAF, respectively, thus
increasing the supply of intermediate water around and across
the Campbell Plateau and into the Bounty gyre. 
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7. Glacial–Interglacial Cycling (Sites 1119, 1123, and 1125). The
detailed comparison of sediments between late Quaternary gla-
cial and interglacial intervals indicates that glacial periods were
characterized by (a) stronger DWBC current flows, as marked by
an increased grain size of sortable silt and a higher rate of re-
working of microfossils, including Antarctic diatoms; (b) nutri-
ent-enriched δ13C values and a smaller cross-Pacific δ13C
gradient, the latter consistent with enhanced formation of
AABW and ventilation of CDW; (c) enhanced inputs of water-
borne terrigenous sediment, eolian dust, biopelagic opal, and
volcanic ash; (d) reduced biopelagic carbonate entombment,
caused both by lower surface carbonate productivity and (in
deeper water) by increased dissolution under cold, corrosive
flow; (e) freezing cold and highly saline deep water, sourced
from CDW rather than from NADW; and (f) enhanced frontal
current flows along the South Island sector of the STF, as marked
by the deposition of thin beds of sand in the mud-dominated,
upper slope environment.

The Site 1119 gamma ray record, which is a proxy for the size
of the South Island ice cap, closely matches the deuterium iso-
tope (atmospheric temperature) profile of the Vostok polar ice
core back to MIS 11 (~400 ka). This indicates the existence dur-
ing climate cycling of strong intra-hemispheric coupling be-
tween Southern Hemisphere middle and high latitudes.

8. Sediment Delivery via Submarine Channels (Sites 1122 and
1124). Today, terrigenous sediment is delivered into the AAIW
and DWBC sediment drifts by the Solander, Bounty, and
Hikurangi Channels, which in glacial times was augmented by
eolian input of dust and eruptive ash. “New” terrigenous sedi-
ment first appears in both the shallow- and deepwater ENZOSS
record in the latest Oligocene, at ~23.4 Ma, closely following the
~25-Ma start of uplift along the South Island alpine plate bound-
ary. This near-coincidence of timing notwithstanding, some of
the terrigenous material in the DWBC drifts is undoubtedly de-
rived from seafloor erosion along the southern sector of the an-
cestral DWBC + ACC system. Outside the area of either a
contemporary shore-connected sediment supply or the influ-
ence of DWBC-supplied sediment, biopelagic nannofossil ooze
accumulated regionally well into the Pliocene. At ~4 Ma, coinci-
dent with the start of global δ18O enrichment and probable sea
level fall, fine-grained terrigenous sediment overspilling from
the eastern South Island shelf first reached DSDP Leg 90 Site 594
in the northeastern corner of the Bounty Trough, its transport
probably augmented by AAIW and STF advection. At the same
time, enhanced DWBC flow is indicated by the presence of a
~5.0- to 2.2-Ma paraconformity at Site 1122 at the abyssal mouth
of the Bounty Trough that separates early Pliocene DWBC drifts
from latest Pliocene turbidite-augmented drifts. Bounty Channel
turbidite activity accelerated at ~2.4 Ma, driven by South Island
mountain uplift and by enhanced glacioeustatic sea level lows.
Concomitantly, Site 594 exhibits strong terrigenous–carbonate
sediment rhythms that are in phase with climatic cycles, and at
~1.7 Ma the main phase of Bounty Fan accumulation com-
menced.

Within the Hikurangi Channel system, an increase in terrige-
nous sediment flux at Site 1124 suggests that right bank over-



R.M. CARTER ET AL.
LEG 181 SYNTHESIS: EVOLUTION OF THE SOUTHWESTERN GATEWAY 59
spilling turbidites from the channel first reached Rekohu Drift
in the earliest Pleistocene, at ~1.65 Ma. This date refines earlier
geological estimates of the timing of diversion of the Hikurangi
Channel out of the Hikurangi Trough, which became blocked
then by the giant Ruatoria submarine landslide off Poverty Bay.

9. Plate Boundary Volcanism (Sites 1123, 1124, and 1125). It is
established in the onland record that arc volcanism in North-
land, the earliest predecessor of the Hikurangi subduction mar-
gin, commenced in the late Oligocene at ~25 Ma. Through the
Neogene, the volcanic alignment migrated successively eastward
to the CVZ and TVZ, the latter being Earth’s most productive
Quaternary rhyolitic volcanic center. The Leg 181 record of 134
tephra, individually up to 92 cm thick, provides a new and de-
tailed history of major explosive eruptions from the CVZ and
TVZ since 12 Ma. Through the late Miocene and Pliocene, mac-
roscopic tephra layers occur grouped into intervals with concen-
trated ash fall separated by intervals of several hundred
thousand years of quiescence or lesser activity. From ~1.6 Ma on-
ward, explosive activity was centered in the TVZ and large erup-
tions were more frequent than previously known. Ash dispersal
from North Island volcanoes is overwhelmingly eastward, under
the influence of westerly stratospheric winds. Most tephra accu-
mulated during glacial periods, consistent with increased erup-
tion (unloaded magma chambers) and increased windiness
(northward wind-belt migration) then.

10. Micropaleontological Results (Sites 1119–1125 [all]). Leg 181
drilling yielded a wealth of new material for micropaleontologi-
cal studies, especially from periods of continuous accumulation
in the Pliocene–Pleistocene at Site 1119 (SAMW/AAIW), early
Miocene–Holocene at Site 1123 (middle CDW), late Oligocene–
early Miocene at Site 1124 (lower CDW), and middle–late Paleo-
cene at Site 1121 (lower CDW). Uniquely in the World Ocean,
Site 1123 retrieved an essentially complete and richly microfos-
siliferous Miocene–Quaternary record of high sedimentation
rate (5–30 cm/k.y.), which has been astronomically tuned and
which may contain every magnetic reversal since Chron C6r at
20.5 Ma.

This stratigraphic treasure trove has already yielded major in-
sights into the evolution and distribution of deepwater benthic
foraminifers, including the first detailed delineation of the
Stilostomella extinction crisis in the middle Pleistocene; the bio-
chronology and cold climate implications of bolboformids and
their late Miocene planktonic foraminifer companions; the
phytoplankton stratigraphy of the late Quaternary and of pre-
Marshall Paraconformity nannofossil chalks of late Eocene (39–
37 Ma) age; short-period climatic fluctuations and water mass
changes of late Miocene and younger age, based on census
counts of planktonic foraminifers and MAT paleotemperature
reconstructions; and the first demonstration from palynological
studies of cyclic changes in terrestrial vegetation that occur al-
most exactly in phase with marine climatic signals.

Finally, the high-resolution stratigraphic studies accom-
plished using Leg 181 materials and a wide variety of tech-
niques have contributed to a quantum improvement in the
accuracy of correlation among southwest Pacific drill sites. An
especially important result of this is an improved integration
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between the regional New Zealand stage classification and glo-
bal events and timescales. Much of the valuable information
contained in publications on New Zealand geology has previ-
ously been obscured behind a screen of arcane terminology. Leg
181 results will help greatly to bring this important regional
stratigraphic archive within the reach of a wider geologic public
and particularly so for information regarding the post-Eocene
linkages between the ENZOSS and the evolution of the global
ocean circulation system.

FUTURE INVESTIGATIONS

Drilling in the southwest Pacific Ocean remains in a state of recon-
naissance. Even after the completion of Leg 181 there are still only 10
drill sites with significant sediment recovery in a region that extends
from 35° to 60°S. This region is comparable in size to the North Ameri-
can Basin of the Atlantic, where there are >100 cored sites. Further drill-
ing is essential for improving our state of knowledge of the history of
the Southern Ocean water masses, fronts, and currents that are part of
the planet’s ocean circulation system. The completion of Leg 181 has
made it much easier to recognize high-priority targets for future atten-
tion. We identify five such targets:

1. Cores through the ~82- to 34-Ma-old postrift sediments of the
circum-New Zealand sediment apron, especially at sites around
the edges of the Campbell and Hikurangi Plateaus. Our knowl-
edge of the oceanography of the southwestern proto-Pacific
Ocean remains extremely limited and at present is essentially
based on only three adventitious cores (Sites 1121, 1123, and
1124). 

2. The coring of complete, and preferably expanded, Oligocene–
early Miocene successions (34–20 Ma). In most places, sediments
of this age have been removed by erosion at the Marshall Para-
conformity and the location of sections suitable for high-resolu-
tion coring studies will probably require new seismic surveys in
areas of likely sediment accumulation. One suitable area is in the
axis of the Great South Basin (Carter, R., 1988a, fig. 5), a now-
filled tributary rift to the Bounty Trough, where an apparently
continuous Oligocene biopelagic section was penetrated by pe-
troleum exploration drilling. Related to drilling such Oligocene
targets, the coring of more successions through the Marshall
Paraconformity will provide important information regarding
the nature of the global Eocene–Oligocene ocean reorganization.

3. “Dipstick” coring through the DWBC drifts, especially the
Chatham Drift, the record of which since 20.5 Ma has been so
successfully deciphered at Site 1123. Shallower core sites may
avoid the diagenesis problem encountered in the lower Miocene
at Site 1123. A knowledge of the changing patterns of circulation
and chemistry within the different CDW levels of the DWBC
requires a depth transect of both shallower and deeper sites,
which could be located on existing seismic profiles. In addition,
coring the Hikurangi Fan-drift would provide a high-resolution
century-scale record of sediment supply/DWBC interactions
throughout the Pleistocene.
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4. Coring the main body of the large intermediate–water depth
drifts along the Canterbury slope in the head of the Bounty
Trough. Results from Site 1119 indicate that the deeper parts of
these Canterbury Drifts will yield an outstanding record of the
history of the STF and of the AAIW water mass and its predeces-
sors, including the likelihood of penetrating the Marshall Para-
conformity, which is known from seismic imagery to lie beneath
the drifts.

5. Coring “patch drifts” (Carter, L., and McCave, 1994) on the
Hikurangi Plateau, close to the volcanic sources, will allow con-
struction of the best available record of the pulsatory magmatic
activity at the North Island convergent plate boundary.
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Figure F1. Model simulation of sea-surface height at 1/8 degree resolution for the Southwest Pacific Ocean,
Tasman Sea, and adjoining Southern Ocean (www7320.nrlssc.navy.mil/global_ncom). To locate Leg 181
sites on this figure, see Figure F2, p. 84. The Subantarctic (SAF), Subtropical (STF), and Tasman (TF) fronts
are well delineated, as indicated in the color key. The southern branch of the west-flowing South Equatorial
Current impinges on the Queensland coast a little north of the latitude of New Caledonia, where its main
flow is diverted southward in the East Australian Current (EAC) and then eastward again along the Tasman
Front. Dynamic eddy activity occurs along all three fronts but is especially prominent along the EAC-TF
and its continuation around northern New Zealand as the East Auckland and East Coast currents. The SAF
and STF are well separated across the Campbell Plateau region, but east and the west from here lie in such
close proximity as to form a single merged zone of intense frontal gradient. The clockwise circulation of
cold subantarctic water within the Bounty Trough is well delineated.

http://www7320.nrlssc.navy.mil/global_ncom
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Figure F2. Location map for all ocean drilling sites in the Southwest Pacific region that have retrieved sub-
stantial sediment cores, including sites from DSDP Legs 29 and 90 and ODP Legs 181 and 189. 
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Figure F3. Summary diagram of the climatic history of the New Zealand region, based on the onland oc-
currence of stenothermal fossil flora and fauna (based on sources summarized in Hornibrook, 1992). Paleo-
cene molluscan attributions at 45°S (Pentland Hills) are from Philip Maxell (pers. comm., 2003). See caption
to Figure F6, p. 88, for key to New Zealand biostratigraphic stage abbreviations.
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Figure F4. A. Oceanographic setting of the Leg 181 drill sites, showing position of the major ocean water
masses, fronts, and current systems. B. Profile connecting all Leg 181 drill sites, showing their locations
with respect to bathymetry and water mass. SAF = Subantarctic Front, STF = Subtropical Front, STD = Sub-
tropical Divergence, DWBC = Deep Western Boundary Current, ACC = Antarctic Circumpolar Current,
AAIW = Antarctic Intermediate Water, ECC = Equatorial Counter Current, SAMW= Subantarctic Mode
Water, CDW = Circumpolar Deep Water.
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Figure F5. Water masses, fronts, and circulation patterns that characterize the southwest Pacific section of
the Southern Ocean (after Tomzcak and Godfrey, 1994). STF = Subtropical Front, SAF = Subantarctic Front,
AAPF = Antarctic Polar Front, AAD = Antarctic Divergence, CDW = Circumpolar Deep Water, STW = Sub-
tropical Water, SAW = Subantarctic Water, CSW = Circumpolar Surface Water, AASW = Antarctic Surface
Water.

X

X

X

X

X

X

XX

Antarctic
Bottom
Water

STF AADAAPFSAF

STW SAW CSW AASW

A
nt

ar
ct

ic
a

North South

45°S 70°S53°S 58°S

Lower CDW
(deep oxygen maximum)

Circumpolar Deep Water

W
at

er
 d

ep
th

 (
m

)

5000

4000

3000

2000

0

1000

1122

1124

(594)
1125

1120

1119

1121

1123

Leg 181
Sites

Antarctic Circumpolar Current

Middle CDW
(salinity maximum)

Upper CDW
(oxygen minimum)

Antarctic Intermediate Water
(salinity minimum)

Subantarctic
Mode Water

(temperature minimum)



R.M. CARTER ET AL.
LEG 181 SYNTHESIS: EVOLUTION OF THE SOUTHWESTERN GATEWAY 88
Figure F6. Summary stratigraphic data for all available southwest Pacific and nearby Southern Ocean drill
sites, DSDP Legs 29 and 90 and ODP Legs 181 and 189 (after Kennett, Houtz, et al., 1975; Kennett, von der
Borch, et al., 1986; Carter, R., McCave, Richter, Carter, L., et al., 1999; Exon, Kennett, Malone, et al., 2001).
Arranged in order from southwest (left) to northeast (right). Note that three different interpretations of the
Eocene–Oligocene stratigraphy for Leg 189 sites have been published by Exon, Kennett, Malone, et al.
(2001), Exon et al. (2002), and Pfuhl and McCave (2003). We follow mainly the last of these references,
except that in addition to the early Oligocene breaks inferred by Pfuhl and McCave we recognize the pres-
ence of the Marshall Paraconformity at Site 1168 also. Our reasons for this are (1) the major facies change—
marked by a decrease in total organic carbon and an increase in carbonate content—that occurs at 760 mbsf
in the Site 1168 core and (2) otherwise, Site 1168 would be the only locality in the whole of southern Aus-
tralasia, either offshore or onshore, at which the Marshall Paraconformity failed to manifest itself; this is
an unlikely happenstance. Paleocene/Eocene boundary after Berggren et al. (1995), Eocene/Oligocene
boundary after Berggren and Aubry (1995), Oligocene/Miocene boundary after Shackleton et al. (2000),
Miocene/Pliocene boundary after Cita (1975), Pliocene/Pleistocene boundary after Aguirre and Pasini
(1985). New Zealand stage abbreviations (4th column from the right), from older to younger—Mata Series:
Mh = Haumurian; Dannevirke Series: Dg = Wangaloan (= Teurian), Dw = Waipawan, Dm = Mangaorapan,
Dh = Heretaungan, Dp = Porangan; Arnold Series: Ab = Bortonian, Ak = Kaiatan, Ar = Runangan; Landon Se-
ries: Lwh = Whaingaroan, Ld = Duntroonian, Lw = Waitakian; Pareora Series: Po = Otaian, Pl = Altonian;
Southland Series: Sc = Clifdenian, Sl = Lillburnian, Sw = Waiauan; Taranaki Series: Tt = Tongaporutuan, Tk =
Kapitean; Wanganui Series: Wo = Opoitian; Ww = Waitoraran (Mangapanian and Waipipian substages), Wn
= Nukumaruan (Hautawan and Marahauan substages), Wc = Castlecliffian (Okehuan and Putikian sub-
stages), Wh = Haweran. The Paleocene Wangaloan Stage (after Finlay and Marwick, 1940) is preferred to
Teurian Stage because of its clear historical priority (cf. Webb, 1973). Wanganui Series stages and substages
are after Carter, R., and Naish (1998).
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Figure F7. Climatic records from Site 1119 (water depth = 396 m), Canterbury upper slope (natural gamma
ray [NGR] signal), and the Vostok ice core (deuterium isotope ratio), compared with the insolation curve
for latitude 65°N (after Petit et al., 1999; Shackleton, 2000; Carter, R., et al., in press). Position of timescale
control points (mapped from the Vostok core) indicated by black triangles along the base of the gamma ray
record. Note the close correspondence of major climatic events as recorded in the widely separated temper-
ate marine and polar ice cap records. Inset (top left of gamma ray record): proxy climate record for the last
30 k.y. for South Island, New Zealand, as indicated by oxygen isotope measurements on speleothems from
Mt. Arthur, Southern Alps (Hellstrom et al., 1998).
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Figure F8. 10Be stratigraphy and age profile for the upper 9 mbsf of Site 1121 (water depth = 4488 m; Camp-
bell “skin drift”) (after Graham et al., in press). SWPO = southwest Pacific Ocean.
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Figure F9. Paleomagnetic and biostratigraphic data plot for the upper 160 rmcd of Site 1123 (water depth
= 3290 m, North Chatham Drift) (after Wilson et al., 2003a). FO = first occurrence, LO = last occurrence,
LCO = last common occurrence.
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Figure F10. Revised age model for Site 1123 based on paleomagnetic and biostratigraphic indicators (after
Wilson et al., 2003a). See caption to Figure F6, p. 88, for key to New Zealand biostratigraphic stage abbre-
viations.
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Figure F11. Age ranges of key radiolarian species in the southern Pacific based upon their ranges at ODP
Site 1121 (water depth = 4488 m; Campbell Paleogene sediment apron), DSDP Leg 21 Site 208 (water depth
= 1545 m; northern Lord Howe Rise), and onland in Marlborough, northeast South Island (after Hollis,
2002). Scale bars = 50 µm.
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Figure F12. Late Miocene bolboform and foraminiferal data from Site 1123 (water depth = 3290 m, North
Chatham Drift) plotted against the paleomagnetic timescale of Wilson et al. (2003a). In benthic plot: light
gray line = benthic foraminifer abundances; dark line = 11-point moving average; note that high benthic
foraminifer abundances correspond to high dissolution (after Crundwell, in press). AAIW = Antarctic Inter-
mediate Water. New Zealand (NZ) stage correlation after Morgans et al. (1996). TCZ = Tukemokihi Coiling
Zone (after Crundwell, in press), KCZ = Kaiti Coiling Zone (after Scott, 1995).
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Figure F13. Comparison of the ranges between sites of nineteen selected deep-sea benthic foraminifers that
became extinct during the middle Pleistocene “Stilostomella event” in the southwest Pacific. Age range for
each species in the North Atlantic is also plotted (after Hayward, 2001). 
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Figure F14. Record of Neogene sedimentation rates, planktonic foraminiferal abundance and fragmenta-
tion index (FI), and benthic foraminiferal associations and key species from Sites 1123 (water depth = 3290
m; North Chatham Drift) and 1124 (water depth = 3967 m; Rekohu Drift). Major paleoceanographic inter-
pretations are indicated (after Hayward et al., in press). CCD = calcite compensation depth.
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Figure F15. Pollen and spore record for the upper 60 rmcd (last 1.6 m.y.) of Site 1123 (water depth = 3290
m; North Chatham Drift). The data, which show obvious 41-k.y. Milankovitch cyclicity, are plotted against
the color reflectance log (% carbonate proxy), the ODP Leg 111 Site 677 oxygen isotope record (Shackleton
et al., 1990), and the paleomagnetic timescale (after Mildenhall, in press). The glacial vegetation (GV) index
is based upon the proportion of cool-climate pollen present in each sample, expressed as (Halocarpus + Phyl-
locladus + Nothofagus fusca type + Coprosma)/(total pollen – Prumnopitys/Podocarpus). SSS = Standard Strati-
graphic Scale.
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Figure F16. Planktonic foraminiferal census data from the upper ~110 rmcd (last 3 m.y.) of Site 1123 (water
depth = 3290 m; North Chatham Drift), compared with known core-top assemblages from the southwest
Pacific and plotted against the color reflectance log (% carbonate proxy) and the paleomagnetic timescale
(after Scott and Hall, in press). 
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Figure F17. Ash record, plotted as cumulative thickness through time, for Sites 1123 (water depth = 3290
m; North Chatham Drift) and 1124 (water depth = 3967 m; Rekohu Drift). The paleomagnetic age model
is calibrated from the orbitally tuned benthic stable isotope record (Site 1123) and with isothermal plateau
fission track (ITPFT) ages (Site 1124) (after Carter, L., et al., 2003). Note the inflection points, which indicate
increases in the rate of ash supply at ~8 and 1.85 Ma. TVZ = Taupo Volcanic Zone; CVZ = Coromandel Vol-
canic Zone.

0

2

4

6

8

10

12

P
al

ae
om

ag
ne

tic
 a

ge
 (

M
a)

6.28 ± 0.62

3.02 ± 0.32

P
le

is
t.

Wc
Wh

Wn

Ww

WoP
lio

ce
ne

M
Iio

ce
ne

Tt

Sw

Tk

e.
l.

l.
m.

Site 1123
Tephra thickness
(cumulative m)

Site 1124
Tephra thickness
(cumulative m)

ITPFT age

ITPFT age

405 mbsf 240 mbsf

T
V

Z
C

V
Z

0 0.5 1 1.5 2 2.5 0 4 8 12



R.M. CARTER ET AL.
LEG 181 SYNTHESIS: EVOLUTION OF THE SOUTHWESTERN GATEWAY 100
Figure F18. Quantitative comparison of clay mineral assemblages from DSDP Leg 90 Site 594 (water depth
= 1204 m; northwest flank of Bounty Trough) and ODP Site 1123 (water depth = 3290; North Chatham
Drift) (after Dersch and Stein, 1991; Winkler and Dullo, this volume). A compositional shift toward chlo-
rite + illite-rich and smectite-poor clay assemblages starts under the DWBC at ~21 Ma (early Miocene) at
Site 1123. Clover-leaf asterisks identify culminations in chlorite content that occur at ~18, 8.5, 5.3, and 1.2
Ma and are inferred to represent irregular pulses of uplift along the South Island alpine chain.
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Figure F19. Carbon and oxygen isotope values for bulk sediment samples from Holes 1121B and 1124C.
Error bars represent two standard deviations (after Wei et al., submitted [N2]).
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Figure F20. Calcium carbonate rates and carbonate and terrigenous mass accumulation rates (MAR) for
Sites 1123 (water depth = 3290 m; North Chatham Drift) and 1124 (water depth = 3967 m; Rekohu Drift),
based upon downhole log profiles (after Handwerger and Jarrard, in press). PCA = principal component
analysis. Position of paraconformities is indicated by vertical arrows and accompanying italic text (upper
two diagrams). See caption to Figure F6, p. 88, for key to New Zealand biostratigraphic stage abbreviations.
See text for detailed comments.
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Figure F21. Selected time series records from Sites 1123 (water depth = 3290 m; North Chatham Drift) and
1124 (water depth = 3967 m; Rekohu Drift). A. Middle Miocene (12.5–15.5 Ma) sortable silt (SS) record from
Site 1123 and its filtered 41-k.y. orbital obliquity component plotted against the geomagnetic polarity and
Site 1123 timescales. The filter has a central frequency of 0.04065 cycles/k.y. and a bandwidth of 0.01046
cycles/k.y. (after Hall et al., 2003). Note the way that these two records vary in close sympathy with each
other, with enhanced Deep Western Boundary Current flow (increased mean grain size of sortable silt) cor-
responding to obliquity maxima. B. Post-Pliocene (0–3.0 Ma) records of benthic δ18O for Site 1123 (above)
and carbonate:terrigenous ratio for Sites 1123 (middle) and 1124 (below). Thick lines indicate a 50-point
moving average, to better show the general similarity between the profiles through time (after Hall et al.,
2002). Note the presence of enhanced terrigenous ratios and wider fluctuations in ratios from about 1.4 Ma
onward, in correspondence with the enhanced amplitude then of the benthic oxygen isotope signal.
C. Pleistocene (0–1.2 Ma) records from Site 1123 for benthic δ18O (above), benthic δ13C (middle), and mean
grain size of sortable silt (SS) below (after Hall et al., 2001). Note the correspondence between glacial cli-
mates and enhanced Deep Western Boundary Current flow (DWBC). MIS = marine isotope stage.
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Figure F22. Sediment characterization at Site 1124 (water depth = 3967 m; Rekohu Drift) (after Joseph et
al., in press). See caption to Figure F6, p. 88, for key to New Zealand biostratigraphic stage abbreviations.
See text for detailed comments. MAR = mass accumulation rate.
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Figure F23. Major Leg 181 stratigraphic and climatic events plotted against the summary global ocean
benthic foraminifer oxygen isotope curve of Zachos et al. (2001). The temperature scale (right) is scaled to
an ice-free ocean, and therefore only applies for the period 35–65 Ma. N.Z. = New Zealand. PETM = Paleo-
cene/Eocene Thermal Maximum; DWBC = Deep Western Boundary Current; STF = Subtropical Front; AAIW
= Antarctic Intermediate Water; VZ = volcanic zone. See caption to Figure F6, p. 88, for key to New Zealand
biostratigraphic stage abbreviations.
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Figure F24. Reconstructed frontal systems and ocean surface circulation for the Australasian Southern
Ocean at 35, 20, 10, and 0 Ma. Base map tectonic reconstruction by Sutherland (after Cande et al., 1995;
Sutherland, 1995; Royer and Rollet, 1997). The maps are in transverse Mercator projection and show the
present-day coastline, the 2000-m isobath, and the positions of sites drilled during Legs 181 and 187. Also
plotted on the 0-Ma reconstruction are the apparent paleomagnetic polar wander paths for the Australian
(Veevers and Li, 1991) and Pacific (Sutherland, 1995) plates, interpolated at 5-m.y. intervals to show the
relative northwestward motions. STF = Subtropical Front, AAPF = Antarctic Polar Front, AAD = Antarctic
Divergence, SAF = Subantarctic Front.
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Figure F25. Manifestations of the Marshall Paraconformity in the ENZOSS region. This several-million-
year-long current-induced unconformity is present across all sedimentary facies and water depths between
the inner shelf and the lower slope, and thereby marks the early Oligocene startup of the seabed to sea-
surface ACC. A. Outcrop view of cross-bedded, glauconitic, calcarenite sediment drifts of the early Miocene
(Lw) Weka Pass Limestone, Waihao Forks. The Marshall Paraconformity outcrops nearby (cf. Ward and
Lewis, 1975) but here lies obscured beneath the grassy talus slope. Figures for scale. B. Typical onland shal-
low-water outcrop of the paraconformity at its type locality, Squires Farm, Pareora district (cf. Gair, 1959).
Intensely bioturbated late Oligocene (Ld) Concord Greensand overlies and infills Thalassinoides burrows in
the underlying latest Eocene–early Oligocene (early Lwh) marly Amuri Limestone, which is also intensely
bioturbated. Note bioerosional remnants of the underlying marl incorporated within the base of the green-
sand. Hammer handle = 32 cm. C. Paraconformity as developed farther south, near Dunedin. Late Oli-
gocene (Ld) Concord Greensand penetrating via Chondrites burrows into underlying bioturbated late
Eocene (Ak-Ar) Burnside Marl (cf. Bishop and Turnbull, 1996). Bioerosional fragments of marl are conspic-
uous within the basal part of the Concord Greensand. Scale in millimeters. D. Paraconformity developed
at Site 1123. Basal sediments of the early Miocene (Po) Chatham drift overlies and fills Chondrites burrows
in early Oligocene (early Lwh) nannofossil chalk of the pre-ENZOSS sediment apron (cf. Carter, R., McCave,
Richter, Carter, L., et al., 1998). Black bar = 5 cm. E. Paraconformity developed at Site 1124. Basal sediments
of a late Oligocene (Ld) DWBC sediment drift overlies and fills Chondrites burrows in early Oligocene (early
Lwh) nannofossil chalk of the pre-ENZOSS sediment apron (cf. Carter, R., McCave, Richter, Carter, L., et
al., 1998). Black bar = 5 cm. See caption to Figure F6, p. 88, for key to New Zealand biostratigraphic stage
abbreviations.
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Figure F26. Timescales for DSDP Leg 90 Site 594 (water depth = 1204 m; south slope of Chatham Rise) and
Site 1125 (water depth = 1366 m; north slope of Chatham Rise). A. Increasing terrigenous content, Site 594
(~170 mbsf). B. Appearance of marked climatic terrigenous–carbonate couplets, Site 594 (~145 mbsf). Site
594 after Kennett et al. (1986) as amended by Grant and Dickens (submitted [N5]) after Lazarus et al. (1995).
Site 1125 after Carter, R., McCave, Richter, Carter, L., et al. (1999). See caption to Figure F6, p. 88, for key
to New Zealand biostratigraphic stage abbreviations.
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Table T1. Leg 181 drill sites.

Notes: SAMW= Subantarctic Mode Water; AAIW = Antarctic Intermediate Water; DWBC = Deep Western
Boundary Current. After Carter, R., McCave, Richter, Carter, L., et al., 1999.

Site Latitude Longitude
Water depth

(m) Holes
Penetration 

(mbsf) Location Target

1119 44°45.332′S 172°23.598′E 396 1119A 6.0 Upper slope, 
Canterbury Bight

Canterbury 
(SAMW/AAIW) 
drifts

1119B 155.5
1119C 494.8

1120 50°03.822′S 173°22.300′E 546 1120A 4.6 Central Campbell 
Plateau

Biopelagic 
platform cover1120B 188.0

1120C 44.6
1120D 220.7

1121 50°53.876′S 176°59.862′E 4488 1121A 8.4 Foot of Campbell 
Plateau slope

DWBC “skin drift;” 
Paleogene apron1121B 139.7

1122 46°34.780′S 177°23.622′W 4432 1122A 123.9 Left bank levee, 
abyssal Bounty 
Fan

Fan history; 
underlying 
contourites

1122B 9.5
1122C 627.4

1123 41°47.147′S 171°29.941′W 3290 1123A 158.1 Northeastern slope 
of Chatham Rise

North Chatham 
(DWBC) Drift1123B 489.0

1123C 632.8

1124 39°29.901′S 176°31.894′W 3967 1124A 9.5 Northern edge of 
Hikurangi Plateau

Rekohu (DWBC) 
Drift1124B 9.9

1124C 473.1
1124D 155.6

1125 42°32.979′S 178°09.988′W 1366 1125A 203.5 Northern slope of 
Chatham Rise

AAIW drifts and 
frontal 
biopelagites

1125B 552.1
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Table T2. Table of major water masses and other oceanographic features, ENZOSS sector of the Southwest
Pacific Ocean.

Notes: General term for cold water of Antarctic origin which spreads north into the major ocean basins. Bold italic text (left column) indi-
cates surface. AAW = Antarctic Water. After Carter, R., et al., 1996. — = no data.

Water mass Abbrev.
Depth
(mbsl)

Density
(g/cm3) Salinity

Temperature 
(°C)

Oxygen
(mg/L) Silica

(Warm) Subtropical Surface Water (W)STW Surface >20

Tasman Front Separates CSTW/WSTW at 
20° summer surface 
isotherm

(Cool) Subtropical Surface Water (C)STW Surface >15

Subtropical Front STF Separates CSTW/ASW at 15° 
summer surface isotherm

Subantarctic (= Australasian) Surface Water SAW Surface 8–15

Subantarctic Front SAF Separates ASW/CSW at 8° 
summer surface isotherm

Circumpolar Surface Water CSW Surface 5–8

Antarctic Polar Front (Convergence) AAPF Separates CSW/AAW, with 
icebergs (<5°C)

Antarctic Surface Water AAW Surface 2.5–5
Antarctic Divergence AAD Northern limit of sea ice 1.9–2.5

Thermocline water 34.42–34.90 7.00–11.00 4.40–5.00

Subantarctic mode water SAMW 400–600 26.80–27.20 34.0–34.2 6–10 Very high Very low
Antarctic Intermediate Water (S min) AAIW 600–1450 27.20–27.35 34.50–34.36 3.20–7.00 3.20–4.70
North Pacific Deep Water (O min) NPDW 1450–2550 34.67–34.50 1.80–3.20 2.80–3.20
Circumpolar Deep Water (upper) UCDW 2550–2900 36.50–37.00 34.67–34.71 1.60–1.80 3.03–3.45
Circumpolar Deep Water (middle) (S max) MCDW 2900–3800 37.00–45.93 34.71–34.73 0.90–1.60 3.45–3.63 High
Circumpolar Deep Water (lower) (O max) LCDW >3800 45.93–46.00 <34.71 0.55–0.90 4.70–4.80 High
Antarctic Circumpolar Current ACC 0–seafloor Various — — — —
Weddell Sea Deep Water WSDW –0.30–0.00
North Atlantic Deep Water NADW As for MCDW — — — —
Antarctic Bottom Water AABW
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