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[1] Foraminiferal analysis of Miocene to recent strata of the Northwest Shelf of Australia is used to chart West
Pacific Warm Pool (WPWP) influence. The assemblage is typified by ‘‘larger’’ foraminifera with ingressions of
the Indo-Pacific ‘‘smaller’’ taxa Asterorotalia and Pseudorotalia at around 4 Ma and from 1.6 to 0.8 Ma. A
review of recent and fossil biogeography of these taxa suggests their stratigraphic distribution can be used to
document WPWP evolution. From 10 to 4.4 Ma a lack of biogeographic connectivity between the Pacific and
Indian Ocean suggests Indonesian Throughflow (ITF) restriction. During this period, the collision of Australia
and Asia trapped warmer waters in the Pacific, creating a central WPWP biogeographic province from the
equator to 26�N. By 3 Ma Indo-Pacific species migrated to Japan with the initiation of the ‘‘modern’’ Kuroshio
Current coinciding with the intensification of the North Pacific Gyre and Northern Hemisphere ice sheet
expansion. Indo-Pacific taxa migrated to the northwest Australia from 4.4 to 4 Ma possibly because of limited
ITF. The absence of Indo-Pacific taxa in northwest Australia indicates possible ITF restriction from 4 to 1.6 Ma.
Full northwest Australian biogeographic connectivity with the WPWP from 1.6 to 0.8 Ma suggests an
unrestricted stronger ITF (compared to today) and the initiation of the modern Leeuwin Current. The extinction
of some Indo-Pacific species in northwest Australia after 0.8 Ma may be related to the effects of large glacial/
interglacial oscillations and uplift of the Indonesian Archipelago causing Indonesian seaway restriction.

Citation: Gallagher, S. J., M. W. Wallace, C. L. Li, B. Kinna, J. T. Bye, K. Akimoto, and M. Torii (2009), Neogene history of the

West Pacific Warm Pool, Kuroshio and Leeuwin currents, Paleoceanography, 24, PA1206, doi:10.1029/2008PA001660.

1. Introduction

[2] The West Pacific Warm Pool (WPWP) is a region of
warm surface waters with an average surface temperature of
28�C covering most of the tropical part of the western Pacific
and eastern Indian Oceans (Figure 1) [Yan et al., 1992]. It is a
major latent heat and water vapor source for high-latitude
regions. Here changes in sea surface temperature due to El
Niño/Southern Oscillation (ENSO) variability have a major
impact on heat transport from low to high latitudes [Sun,
2003; de Garidel-Thoron et al., 2005]. Because of its role in
the atmosphere and climate systems the WPWP plays an
important role in determining long- and short-term global
climate change [Lea et al., 2000; Li et al., 2004; Ravelo et
al., 2004; Xu et al., 2006].
[3] The early (pre-Pleistocene) history of the WPWP is not

well known [Li et al., 2006]. The Mio-Pliocene history of the
WPWP has been interpreted from the planktic foraminiferal
record. Kennett et al. [1985] used planktic data to suggest
WPWP formation after Indonesian seaway closure around
8 Ma. Srinivasan and Sinha [1998] suggested its formation
after 5.2 Ma. Li et al. [2006] and Jian et al. [2006] used

plankton evidence to suggest a late Miocene WPWP around
10 Ma with the modern warm pool appearing around 4 Ma.
The wider oceanic evolution of the Indo-Pacific during the
Plio-Pleistocene has been the focus of Ocean Drilling
Program (ODP) research for many decades and this has
provided a fine-scale deep sea record of ocean change from
the South China Sea [Li et al., 2004], the Indian Ocean
[Kawagata et al., 2006] and the central Pacific [Ravelo et al.,
2004]. The deep-sea paleoceanographic records obtained by
the ODP are limited to drilling sites generally >500 m depth
away from shelf margins. Although, in recent years the
Integrated Ocean Drilling Program (IODP) has developed
drilling platforms that can core shallow shelfal regions.
Nevertheless, ODP cores generally do not record the influ-
ence and history of shallow (<300 m depth) shelf edge
currents such as the Leeuwin and Kuroshio Currents. Con-
versely, in outcropping shelfal sections, Indo-Pacific mol-
lusks have been used to document Plio-Pleistocene Kuroshio
Current influence in Japan [Ogasawara, 2002] and Pleisto-
cene Leeuwin Current influence in southwest Australia
[Kendrick et al., 1991]. Equivalent benthic/planktic forami-
niferal studies on these outcrops are rare, however Kitamura
and Kimto [2007] used planktic foraminifera to document
the long-term variability in the Tsushima Current offshoot of
the Kuroshio Current in outcrop around the Sea of Japan
since the early Pleistocene. Outcrop sections may preserve
shallow marine records of limited extent and often cannot be
used to chart long-term oceanographic change. Many shelf
regions of the world preserve thick intervals of Cenozoic
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strata that have been drilled for hydrocarbon exploration.
Oil/gas wells in these regions have the potential to bridge the
gap between the detailed deep sea oceanographic studies of
the ODP and limited shallow shelf outcrop studies to
investigate the timing and long-term evolution of shelf
margin influencing currents in the Indo-Pacific. The North-
west Shelf of Australia is one of these densely drilled
hydrocarbon-rich shelf regions, situated directly under the
influence of the modern Leeuwin Current (Figure 1). In this
study we investigated the stratigraphy and foraminiferal
distribution in several wells in the Northwest Shelf. The
purpose of this was initially to date the sections and chart the
environmental evolution of each section. However, it be-
came clear that intervals yielded a high abundance of benthic
foraminifera of Indo-Pacific affinity and that these might be
used to document the influence of the WPWP. We compiled
the recent distribution of these species from the literature to
form a modern analog. This revealed several taxa present in
the subsurface of the Northwest Shelf are biogeographic
indices of the WPWP and the Leeuwin Current. Further-
more, a review of the stratigraphic distribution of these taxa
in the Indo-Pacific suggests these foraminifera can be used to
chart the timing and evolution of the WPWP, Kuroshio and
Leeuwin Currents.

2. Oceanographic Setting

[4] The West Pacific Warm Pool (Figure 1) is the buildup
of warm >28�C water in the western Pacific trapped by the
Indonesian archipelago. The Indonesian Throughflow (ITF)
[Gordon, 2005] transports 10 to 16 Svedrups (1 Sv = 106 m3

s�1) of low-salinity North Pacific thermocline water via the
Indonesian Gateway [Ganachaud and Wunsch, 2000; Kuhnt
et al., 2004] to the Indian Ocean forming an important
switching point in the global thermohaline conveyor. The
shelfal regions of the Indo-Pacific region are strongly
influenced by several shallow (50–300 m) currents that
originate in the WPWP region. We outline the modern
setting of these current features below:
[5] The Leeuwin Current (Figure 1) is a narrow (<100 km)

and shallow current (<300 m) that transports warm low-
salinity nutrient deficient water southward along the west
coast of Australia [Pattiaratchi, 2006]. It is driven by long
shore winds and an upper ocean (the upper 250–300 m)
pressure gradient [Tomczak and Godfrey, 1994] that over-
comes equatorward wind stress and upwelling to flow
southward along the coast of western Australia [Pattiaratchi,
2006]. Another primary driver for this current is the steric
height difference between the low-density and low-salinity
Timor Sea and the cooler denser saline waters off the coast
of Perth [Pattiaratchi, 2006]. It is the only south flowing
eastern boundary current in the Southern Hemisphere and
has an enormous effect on the climate of the region. The
current extends modern reefal development to 29�S (the
Houtman-Abrolhos reefs) and the tropical to subtropical
transition as far south as Rottnest Island (33�S).
[6] In the North Pacific, high-salinity warm water is

transported from the West Pacific Warm Pool by an exten-
sion of the Pacific North Equatorial Current called the
Kuroshio Current [Inoue, 1989]. This shallow (<200 m)

narrow (100 km) current travels on the shelf near Taiwan
across the East China Sea before bifurcating into the
Tsushima Current in the Sea of Japan (Figure 1). The
Kuroshio Current continues along the shelf edge of Japan
and merges with the Polar Front off the coast of Japan
[Inoue, 1989]. The Kuroshio Current extends extratropical
reef development to 30�N in the Ryukyu Islands [Yamamoto
et al., 2006] and moderates the climate of Japan.

3. Materials and Methods

[7] Our investigation involved the collection of detailed
foraminiferal and stratigraphic data from Miocene to Pleis-
tocene sections in eight oil field wells from 19 to 20�S off
northwest Australia (Tables 1 and 2 and Figures 2 and 3).
The strata were dated using nannofossils and planktic
foraminifera and an age depth curve calculated for each well
using the Gradstein et al. [2004] chronology (Figure 3). The
purpose of this was to determine the age and environment of
each section to understand the relative influence of the West
Pacific Warm Pool on the evolution of the tropical carbo-
nates of the region. All larger foraminifera and smaller
calcareous foraminifera with known Indo-Pacific affinities
were documented in each sample (Tables 1 and 2). Nearly
20,000 foraminifera were counted in 75 cutting samples and
the stratigraphic distribution of the foraminifera compiled
(Tables 1 and 2). The purpose of this analysis was to
determine whether the biogeographic influence of the West
Pacific Warm Pool, the Indonesian Throughflow and Leeu-
win Current could be discerned in the fossil record of the
Northwest Shelf and to determine the relative timing of these
oceanic features.
[8] To determine the paleoceanographic utility of the Indo-

Pacific and larger foraminiferal taxa in the subsurface of the
Northwest Shelf we reviewed an extensive literature charting
their biogeographic distribution. Initially, the recent spatial
distribution five species of larger foraminifera (adding to the
presence/absence data compilation of Langer and Hottinger
[2000]) and nine smaller Indo-Pacific calcareous species
(Tables 2, 3, and S1) was compiled.1 We selected several of
these taxa for our biogeographic and paleoceanographic
analyses. This selection was based on the following criteria:
the taxa are relatively common (i.e., they occur in over 30
published recent sample sites in the region); the species are
readily identifiable from an illustration or figure (in the
majority of cases); the taxa have a relatively wide depth
distribution from 0 to 200 m; the species have known
distributions stratigraphically from the literature and are
common/typical in the subsurface sections of the Northwest
Shelf of Australia. We compiled the distribution (Figure 4) of
two larger species: Assilina ammonoides and Nummulites
venosa adding to the distribution maps of Langer and
Hottinger [2000]. Four additional species distributions were
compiled including: Asterorotalia gaimardii, Heterolepa
margaritiferus, Pseudorotalia indopacifica and Pseudorota-
lia schroeteriana (Figures 5 and 6). The taxonomic identifi-

1Auxiliary materials are available in the HTML. doi:10.1029/
2008PA001660.
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Table 1. A List of the Species Documented in the Analyses of the Miocene to Recent Strata of the Northwest Shelf of Australia and a List

of Recent Indo-Pacific Benthic Speciesa

List of Benthic Taxa Counted in the
NW Shelf Miocene to Recent Strata Type

List of Recent Indo-Pacific Benthonic
Species Compiled From Literatureb

Ammonia spp. Amphistegina lessonii (d’Orbigny, 1826)
Amphistegina hauerina (d’Orbigny, 1846) Larger Amphistegina papillosa (Said, 1949)
Amphistegina lessoni (d’Orbigny, 1826) Larger Amphistegina radiata (Fitchel and Moll, 1798)
Amphistegina papillosa (Said, 1949) Larger Anomalinella rostrata (Brady, 1881)
Amphistegina radiata (Fitchel and Moll, 1798) Larger Assilina ammonoidesc (Gronovius, 1781)
Anomalinella rostrata (Brady, 1881) Indo-Pacific Asterorotalia concinnac (Millett, 1904)
Anomalinoides spp. Asterorotalia gaimardic (d’Orbigny, 1906)
Assilina ammonoidesd (Gronovius, 1781) Larger Asterororalia millettic (Millett, 1904)
Asterorotalia concinnad (Millett, 1904) Cellanthus craticulatumc (Fitchel and Moll, 1798)
Asterorotalia gaimardid (d’Orbigny, 1906) Heterolepa margaritiferusc (Brady, 1881)
Astrononion spp. Heterolepa praescinta (Karrer, 1868)
Asterororalia millettid (Millett, 1904) Neoeponides bradyi (Le Calvez, 1974)
Bolivinids Neoeponides procerus (Brady, 1884)
Bulimina spp. Nummulites venosac (Fitchel and Moll, 1798)
Buliminella spp. Operculina complanata (Defrance, 1822)
Buliminoides spp. Planorbulinella larvata (Parker and Jones, 1865)
Cancris spp. Pseudorotalia angusta (Millett, 1904)
Cassidulina spp. Pseudorotalia annectensc (Billman et al., 1980)
Cassidulinoides spp. Pseudorotalia indopacificac (Thalmann, 1935)
Cellanthus craticulatumd (Fitchel and Moll, 1798) Indo-Pacific Pseudorotalia inermis (Billman et al., 1980)
Cibicides mediocris (Finlay, 1940) Pseudorotalia schroetianac (Parker and Jones, 1862)
Cibicides tenuimargo (Brady, 1884)
Cibicidoides perforatus (Coryell and Rivero, 1940)
Discorbinella spp.
Discorbis spp.
Elphidium crispum (Linne, 1758)
Epistominella spp.
Fissurina spp.
Fontbotia wuellerstorfi (Schwager, 1866)
Globocassidulina spp.
Guttilina problema (d’Orbigny, 1826)
Gypsina globulus (Reuss, 1848) Larger
Gyroidinoides spp.
Heterolepa margaritiferusd (Brady, 1881)
Heterolepa praescinta (Karrer, 1868) Indo-Pacific
Heterolepa subhaidingeri (Parr, 1950)
Heterostegina depressa (d’Orbigny, 1826) Larger
Homoterma rubrum (Lamarck, 1816) Larger
Hyalinea spp.
Lenticulina spp.
Marginopora spp. Larger
Melonis spp.
Neoeponides bradyi (Le Calvez, 1974) Indo-Pacific
Neoponides proceras (Brady, 1884) Indo-Pacific
Nodosariids
Nummulites venosad (Fitchel and Moll, 1798) Larger
Operculina complanata (Defrance, 1822) Larger
Patellinella spp.
Planorbulinella larvata (Parker and Jones, 1865) Larger
Planulina spp.
Pseudonodosaria spp.
Pseudorotalia angustad (Millett, 1904)
Pseudorotalia globosad (Yabe and Asano, 1937)
Pseudorotalia indopacificad (Thalmann, 1935)
Pseudorotalia schroeterianad (Parker and Jones, 1862)
Pullenia spp.
Reusella spp.
Rosalina spp.
Sagrinella spp.
Saraceneria spp.
Sigmoidella spp.
Stilostomella spp.
Trifarina spp.
Uvigerina spp.

aList of species compiled from the literature in Table 3; plotted in Figures 4, 5, to 6; and listed in Table S1.
bSee Table 3.
cSpecies are included in Table S1.
dPercentage data for species are included in Table 2.
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cation of the Pseudorotalia and Asterorotalia species
follows Billman et al. [1980]. The taxonomy of Loeblich
and Tappan [1994] was used to identify Heterolepa
margaritiferus.
[9] The recent and fossil distribution of six selected Indo-

Pacific taxa was compiled in a north–south latitudinal
transect (Figure 7) including our new range data from the
Northwest Shelf (Figure 3). The published range data have
been modified to conform to the Gradstein et al. [2004]

nannofossil and foraminiferal biozonal chronology. The
purpose of this compilation is to biostratigraphically con-
strain migration events in the Indo-Pacific region that may
be related to WPWP, Kuroshio and Leeuwin Current evo-
lution. The equatorial range data are derived from Papua
New Guinea [Belford, 1966], Borneo [Billman et al., 1980],
and Java [LeRoy, 1944]. Additional range data from around
26�N come from Taiwan [Huang, 1964] and Okinawa
[LeRoy, 1964]. The biostratigraphic distribution from

Table 3. A List of the Locations (Figure 2) and Source References for Figures 4, 5, and 6a

Location Number Region Source Reference

1 Southwest Japan and around Hachijojima Island Akimoto [1990]
2 Shimabara Bay, Kyushu, southwest Japan Akimoto et al. [2002]
3 Hyuganada area, off Kyushu and Shikoku, Japan Akimoto and Torii [1996]
4 Port Hacking, New South Wales, Australia Albani [1968]
5 Northwest Shelf, Australia Albani and Geijskes [1973]
6 Species reported by H. B. Brady (unpublished data, 1884)

from HMS Challenger 1873–1876
Barker [1960]

7 Western continental shelf of Western Australia Betjeman [1969]
8 Western India Bhatia [1956]
9 Borneo Billman et al. [1980]
10 Sunda Shelf, Indonesia Biswas [1976]
11 Continental shelf of Queensland, Australia Carter [1972]
12 Great Australian Bight Chapman and Parr [1934]
13 Arabian Gulf Cherif et al. [1997]
14 Guam Cole [1939]
15 Philippine and adjacent seas Cushman [1921]
16 Vietnamese coastline Dao and Doan [2002]
17 New Caledonia Debenay [1988]
18 Andaman Sea, Indonesia Frerichs [1970]
19 Puetro Galera Northern Mindora, Philippines Graham and Militante [1959]
20 Exmouth Gulf, Western Australia Haig [1997]
21 Western Australian shelf Haig [2002]
22 New Zealand Hayward et al. [1999]
23 New Zealand and southwest Pacific Hayward et al. [1997]
24 Indonesia Hofker [1951]
25 Indonesia Hofker [1971]
26 Honiara Bay Area, Solomon Islands Hughes [1977]
27 Ontong Java Atoll, Solomon Islands, Southwest Pacific Hughes [1985]
28 Northwest Pacific, Japan, Philippines, East China Sea Inoue [1989]
29 Heron Island, Queensland, Australia Jell et al. [1965]
30 Pitt Water, Broken Bay, N.S.W., Australia Johnson and Albani [1973]
31 West and east coasts of India Kathal et al. [2000]
32 Biogeography of selected larger Foraminifera Langer and Hottinger [2000]
33 Madang Reef and Lagoon, Papua New Guinea Langer and Lipps [2003]
34 Southern shelf of Western Australia Li et al. [1999]
35 Hong Kong Li and Yim [1988]
36 Sahul Shelf and Timor Sea Loeblich and Tappan [1994]
37 Oyster Harbour, near Albany, Western Australia McKenzie [1962]
38 South China and Sulu Sea Miao and Thunell [1993]
39 West coast of India Nigame and Khare [1999]
40 Dabhol-Vengurla region, Arabian Sea Nigam et al. [1979]
41 Kagoshima Bay, South Kyushu, Japan Oki [1989]
42 Exmouth Gulf, northwestern Australia Orpin et al. [1999]
43 Central Queensland continental shelf, Australia Palmieri [1976]
44 Hardy Inlet, southwestern Australia Quilty [1977]
45 East Kalimantan, Indonesia Renema [2002]
46 Sunda Shelf (South China Sea) Szarek et al. [2006]
47 Indonesia Tomascik et al. [1997]
48 Australian-Irian Jaya continental margin, eastern Indonesia van Marle [1988]
49 Pentakota, east coast of India Vedantam and Rao [1970]
50 Bohai Gulf, China Wang and Bian [1985]
51 Northwestern part of the South Huanghai (Yellow) Sea, China Wang et al. [1985a]
52 Huanghai (Yellow) Sea, China Wang et al. [1985d]
53 Northern continental shelf of the South China Sea Wang et al. [1985b]
54 East China Sea Wang et al. [1985e]

aA complete data set can be found in Table S1.
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