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Early to Middle Miocene Paleoceanography in the Southern High
Latitudes Off Tasmania
Atsuhito Ennyu and Michael A. Arthur
Department of Geosciences, The Pennsylvania State University, University Park, Pennsylvania

Paleoclimate proxy records from the southern high latitudes can provide key
constraints on the possible role of ocean circulation as a cause of the middle
Miocene global cooling event and the major development of the Antarctic cryosphere. Here we present oxygen and carbon stable isotope records of multispecific planktic and benthic foraminifera and bulk fine-fraction carbonate from
Ocean Drilling Program Sites 1170 and 1172 off Tasmania in the Southern Ocean.
Paleotemperature reconstructions based on δ18O values of calcareous plankton
suggest that the warm-season, near-surface waters in the subantarctic around
the site paleo-locations were warmer than today by ~2-4ºC until about 14 Ma. The
sea-surface temperatures were probably ameliorated by a warm current from
the west that joined the circum-Antarctic current. A decrease in near-surface
temperatures of ~1-2ºC is recognized between ~14.5 and 12.7 Ma, offering direct
evidence of the hypothesized middle Miocene cooling in southern high latitudes.
However, the cold season near-surface temperatures were unaffected during this
interval. Based on the Miocene plankton and benthic stable isotope records, we
suggest that the cooled surface waters in the southern high latitudes contributed
to the increased rate of production and dominance of cold southern-component
deepwater after ca. 14.5 Ma.

1. INTRODUCTION

Miocene “climatic optimum” (MMCO) [Woodruff and
Savin, 1989; Flower and Kennett, 1993].
In the absence of atmospheric CO2 control on middle
Miocene climate change [i.e., Pagani et al., 1999; Pearson
and Palmer, 2000], changes in ocean circulation and associated heat and moisture transport have been invoked as
a primary driving force [Pagani et al., 2000; Zachos et al.,
2001]. Previous workers have suggested that an intensified
Antarctic Circumpolar Current (ACC) prompted the
middle Miocene cooling, thereby increasing the meridional
thermal gradient in the southern high latitudes, and, ultimately, accumulation of the EAIS [e.g., Savin et al., 1975;
Kennett, 1977; Pagani et al., 2000]. Furthermore, it has been
suggested that refrigerated surface waters in the Southern
Ocean promoted production of cold southern component
waters (SCW) that flooded into the major deep ocean basins,
replacing the warm Tethyan-Indian saline water (TISW) for
which production ceased at ca. 14.5 Ma due to closure of

The middle Miocene represents one of the major global
cooling steps in the Cenozoic towards the permanent establishment of East Antarctic ice sheet (EAIS), as inferred from
the worldwide ~1‰ increase in the benthic foraminiferal
oxygen isotopes between ~14.5 and 12.7 Ma [Miller et al.,
1987; Zachos et al., 2001]. This cooling/EAIS transition is
preceded by a brief but distinct negative excursion in the
benthic foraminiferal oxygen isotope records between ~17
and 14.5 Ma, which represents the warmest episode of the
entire Neogene –hereafter referred to as the early middle
The Cenozoic Southern Ocean: Tectonics, Sedimentation, and
Climate Change Between Australia and Antarctica
Geophysical Monograph Series 151
Copyright 2004 by the American Geophysical Union
10.1029/151GM16
1

7728_Ch_13.qxd

2

24-Sep-04

6:35 PM

Page 2

MIOCENE PALEOCEANOGRAPHY OFF TASMANIA

Tethyan Seaway [Woodruff and Savin, 1989, 1991; Flower
and Kennett, 1995]. However, no continuous geochemical
proxy records of near-surface paleohydrography for the middle Miocene have been reported from Southern Ocean
waters in order to test these hypotheses.
The primary objective of this study is to test the potential
effect of development of zonal hydrographic fronts and a
meridional temperature gradient in the southern high latitudes on the middle Miocene global cooling and the EAIS
build up. In order to reconstruct near-surface paleohydrography across the meridional transect of sites that have traveled
northward through critical regions in terms of the highlatitude oceanographic fronts in the last 20 m.y. (Figure 1),
we measured oxygen and carbon stable isotopes of planktic
foraminifers Globigerina bulloides and Orbulina universa
and bulk fine-fraction carbonate materials (i.e., <63 µm,
primarily polyspecific nannofossil assemblages) at Ocean
Drilling Program (ODP) Sites 1170 (Indian Ocean sector)
and 1172 (Pacific Ocean sector) off Tasmania for the interval
7-21 Ma. This site selection also allows us to examine the
potential effect of the warm western boundary current in the
western South Pacific, the East Australian Current (EAC), on
the regional climate off Tasmania (i.e., Site 1172 on East
Tasman Plateau), in comparison to the hydrographic characteristics of the subantarctic ACC (i.e., Site 1170 on South
Tasman Rise). The multi-taxa stable isotope approach
employed in this study enhances our ability to interpret the
near-surface hydrography proxy data for reconstructing paleoseasonality variability [Ennyu et al., 2002]. A secondary
objective is to test hypotheses regarding causes for changing
sources of deepwater masses that characterized the Pacific
basin entering through the Southern Ocean, and their link to
the surface climatic conditions in the southern high latitudes
during the middle Miocene. We have processed the three
most abundant benthic foraminiferal species Cibicidoides
mundulus, C. wuellerstorfi, and Oridorsalis umbonatus for
stable isotope analyses.

2001; Sokolov and Rintoul, 2002]. The prevailing water
around the ETP is warmed somewhat by the southern extension of the EAC. In contrast, Site 1170 currently lies within
subantarctic waters between the Subtropical Front (STF) and
the Subantarctic Front (SAF) where the surface water originates in the ACC [Orsi et al., 1995]. Australia moved northward as the result of seafloor spreading between Australia
and Antarctica along the Southeast Indian Ridge through
the Cenozoic [Weissel and Hayes, 1972; Lawver et al., 1992;
Lawver and Gahagan, 2003]. Accordingly, during the
Miocene, the STR moved from about 57.5ºS at ca. 20 Ma to
52.5ºS at ca. 10 Ma (Figure 1). This northward translation
suggests that the hydrographic conditions prevailing on the
ETP and STR have changed significantly in the last 20 m.y.
The Miocene sediments recovered from Sites 1170 and
1172 are entirely composed of nannofossil ooze and chalk
throughout, with a bulk carbonate content of >90% at
Site 1170 and >85% at Site 1172 [Shipboard Scientific
Party, 2001]. Miocene sections from the two sites contain

2. MATERIALS AND METHODS
2.1. Site Information
ODP Leg 189 Site 1170 (47º09’S 146º02’E) was drilled
on the western slope of the South Tasman Rise (STR) at the
water depth of 2704 m, whereas Site 1172 (43º58’S
149º56’E) is located on the flat western side of the East
Tasman Plateau (ETP) at the water depth of 2622 m (Figure 1;
see Table 1 for site information). The northerly Site 1172,
about 170 km southeast of Tasmania, is presently situated in
a temperate (cool subtropical) climatic regime in the north of
the Subtropical Front [Belkin and Gordon, 1996; Rintoul
et al., 1997; Rintoul and Bullister, 1999; Rintoul and Trull,

Figure 1. Map showing locations of ODP Sites 1170 and 1172,
present-day oceanographic fronts, and tectonic trajectory (black
dots) of South Tasman Rise (STR) adapted from Shipboard
Scientific Party [2001]. Paleo-locations for each site are predicted
based on the reconstructed STR trajectory, and represent the 1º grid
cell (black diamonds) from which the salinity and temperature data
from the LEVITUS94 ocean climate atlas [Levitus and Boyer,
1994; Levitus et al., 1994] are taken (Table 3). STF: Subtropical
Front; SAF: Subantarctic Front; PF: Polar Front; ETP: East Tasman
Plateau; TAS: Tasmania; NZ: New Zealand. This map is generated
using Generic Mapping Tools [Wessel and Smith, 1998].
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Table 1. Information on ODP/DSDP Sites Discussed in This Study.
Geographical Grid
Site

Latitude

Longitude

1170
1172
289
588
608
747

47°09′S
43°58′S
0°29′S
26°06′S
42°50′N
54°49′S

146°03′E
149°56′E
158°30′E
161°13′E
23°05′E
76°48′E

Site Location
South Tasman Rise
East Tasman Plateau
Ontong Java Plateau
Lord Howe Rise
King’s Trough
Kerguelen Plateau

Water
Depth (m)
2705
2622
2206
1533
3526
1706

Stable Isotope Data Sources
FF

PF

BF

1
1
n.a.
2
n.a.
n.a.

1
1
n.a.
3
n.a.
n.a.

1
1
4
5
6
7

Sources of literature stable isotope data are: (1) This study [Ennyu and Arthur, 2004]; (2) Ennyu et al. [2002]; (3) Pagani [1998] and Pagani et al. [1999];
(4) Savin et al. [1981] and Woodruff and Savin [1989, 1991]; (5) Kennett [1985]; (6) Wright et al. [1991, 1992]; (7) Wright and Miller [1992]. FF: fine-fraction;
PF: planktic foraminifera; BF: benthic foraminifera.

moderately to well-preserved planktic and benthic foraminiferal tests, except for the condensed intervals of the lower
Miocene in which planktic foraminiferal tests are moderately
infilled. Age models for ODP Holes 1170A and 1172A
employed in this study are constructed using selected magnetostratigraphic and biostratigraphic datums from Stickley et al.
[2004] that are calibrated to the geomagnetic polarity time
scale of Cande and Kent [1995] and the magnetobiochronologic time scale of Berggren et al. [1995]. Age datums used in
this study and the calculated numerical age for each sample
depth are reported in Ennyu and Arthur [2004]. Although not
adopted in this study, our carbon stable isotope record indicates a possible alternative geomagnetic polarity chron
assignment for Hole 1172A that improves correspondence
between records at Holes 1170A and 1172A for the late earlyearly middle Miocene [Ennyu, 2003].
2.2. Analytical Methods
Sediment samples were disaggregated with distilled-deionized (DDI) water, and wet sieved through a 63 µm screen. The
less than 63 µm fraction was oven-dried at about 60°C and
processed for stable isotope analyses. Separated coarse-fraction (>63 µm) samples were soaked in a 3% hydrogen peroxide solution for a day, rinsed and heated in hot (~90ºC) DDI
water, ultrasonicated, and repeatedly rinsed in DDI water until
adhering material on the surface of foraminiferal tests was
removed. The coarse-fraction samples were then sieved into
250, 354, and 420 µm size fractions, and well-preserved
foraminiferal specimens from the 250-354 and 354-420 µm
size fractions were hand picked. For each sample, multiple
foraminiferal specimens (i.e., typically, 5-12 specimens for
benthic foraminifera and 10-24 specimens for planktic
foraminifera) of the same species were separated, crushed
between two glass slides, brush-cleaned in methanol to
remove remaining adhering particles from inner shell walls,
when present, and processed for stable isotope analyses.

Separated foraminifera and bulk fine-fraction (<63 µm)
samples were reacted with 100% anhydrous phosphoric acid
at 90ºC in an automated common acid bath carbonate device
coupled to a Finnigan MAT 252 mass spectrometer for carbon
and oxygen stable isotope analyses in the Penn State Stable
Isotope Biogeochemistry Laboratory. Stable isotopic values
are reported in per mil (‰) notation relative to the Vienna
Peedee belemnite (VPDB) standard. Analytical precision for
δ13C and δ18O values is 0.05‰ and 0.08‰, respectively, and
was monitored through multiple analyses of NBS-19 standard.
3. RESULTS
Results of stable isotope analyses of foraminiferal and
fine-fraction carbonate from Sites 1170 and 1172 are shown
in Figures 2 and 3, respectively, and are reported in Ennyu
and Arthur [2004]. In order to present more continuous benthic foraminiferal stable isotope records, isotopic values of
C. wuellerstorfi are adjusted to those of the most continuously occurring species C. mundulus for the samples from
which C. mundulus is not available. These two Cibicidoides
species exhibit very similar isotope profiles with small, consistent offsets between them, and show good correlation
coefficients for both δ13C and δ18O (Figures 4A and 4B).
Correction factors applied to adjust the isotopic values of
C. wuellerstorfi to those of C. mundulus are derived by
taking the least square linear regressions using stable isotopic data from Sites 1170 and 1172. It is noteworthy that
offsets of ~0.2‰ are recognized between C. mundulus and
C. wuellerstorfi carbon isotope values (Figure 4A), whereas
the δ18O values exhibit a nearly one-to-one correspondence
between the two species (Figure 4B). We also considered
the isotopic relationships between C. mundulus and O. umbonatus (Figures 4C and 4D). The isotopic offsets between
C. mundulus and O. umbonatus reported here as least square
linear regression fits are consistent with previous reports
[e.g., Shackleton et al., 1984; Shackleton and Hall, 1997].
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Figure 2. Oxygen (A) and carbon (B) stable isotope records of planktic foraminifers O. universa and G. bulloides, benthic foraminifers
C. mundulus and O. umbonatus, and fine-fraction carbonate from ODP Site 1170. “CM” notations indicate benthic foraminiferal carbon
isotope events of Woodruff and Savin [1991]. MMCO: middle Miocene climatic optimum; EAIS: east Antarctica ice sheet; MCIE:
Monterey carbon isotope excursion.

Figure 3. Oxygen (A) and carbon (B) stable isotope records of planktic and benthic foraminifera and fine-fraction carbonate from ODP Site
1172. See the Figure 2 caption for the species analyzed and other abbreviations.

3.1. Oxygen Stable Isotopes
At Sites 1170 and 1172, oxygen isotope records of the
planktic foraminifers O. universa and G. bulloides overlap
and resemble one another in terms of overall trends and
temporal variability during the Miocene, and represent the

most depleted δ18O values among other taxa examined
(Figures 2A and 3A). In general, the G. bulloides δ18O profiles
exhibit slightly decreasing trends in the early Miocene from
a maximum of ~1.4‰, with the most depleted values of
~0‰ occurring at around 17-14.5 Ma during the MMCO.
Following the MMCO event, the G. bulloides and
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Figure 4. Oxygen and carbon stable isotope measurements of individual benthic foraminiferal species from the same samples in the
Miocene sediments from ODP Sites 1170 and 1172. The least square linear regression relationships between the species are used to convert
C. wuellerstorfi and O. umbonatus stable isotopic values to C. mundulus. Solid lines represent the linear regressions, and the dashed lines
are the one-to-one relationships.

O. universa δ18O records exhibit slightly increasing trends
between ~15 and 13 Ma. On average, the δ18O values of
G. bulloides and O. universa remain at between 0.8 and
1.3‰ after ca. 13 Ma.
The δ18O values of fine-fraction carbonate are heavier
than those of the coexisting planktic foraminifera throughout
the Miocene, and their temporal trends are similar to but
offset from those of benthic foraminifera. Signals of the
MMCO (ca. 17-14.5 Ma) and the subsequent EAIS shift
(ca. 14.5-12.7 Ma) are recognized in the fine-fraction δ18O
records at both sites. The oxygen isotopic differences
between planktic foraminifera and fine-fraction increase
after the MMCO event.
The two benthic foraminiferal species, C. mundulus and
O. umbonatus, exhibit parallel δ18O trends for the Miocene
at Sites 1170 and 1172 (Figures 2A and 3A), as represented
in the scatter diagram (Figure 4D). The long-term (i.e.,
>1 m.y.) trends in the benthic foraminiferal δ18O records for
the Miocene from Sites 1170 and 1172 are generally consistent with those from other deep-sea sections worldwide. For
instance, the benthic foraminiferal δ18O events common in
the Miocene, such as the MMCO depletion (17-14.5 Ma)

and the middle Miocene EAIS positive shift (14.5-12.7 Ma),
are clearly recognized at both sites. The oxygen isotopic
differences between the benthic and planktic foraminifera
increase through the middle Miocene after ca. 14.5 Ma,
mainly due to increasing benthic foraminiferal values.
3.2. Carbon Stable Isotopes
In contrast to the oxygen isotopes, carbon isotope records
of G. bulloides and O. universa do not overlap through
the Miocene (Figures 2B and 3B). Indeed, the δ13C values of
O. universa are heavier than those of the coexisting G. bulloides by ~0.3-1.6‰ at Site 1172. At Site 1170, the differences in δ13C values between O. universa and G. bulloides
range up to about 1‰. In spite of the isotopic difference
between O. universa and G. bulloides, both species exhibit
carbon isotope variations that are common to those of planktic and benthic foraminiferal δ13C records from other
Miocene sections [e.g., Vincent and Berger, 1985; Ennyu
et al., 2002]. The “CM” carbon isotopic maxima events of
Woodruff and Savin [1991], that compose the middle
Miocene “Monterey carbon isotope excursion” (MCIE)
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event [Vincent and Berger, 1985], are well recognized in the
O. universa and G. bulloides δ13C records, particularly those
at Site 1172.
However, the isotopic events seen in the foraminiferal
records are not as clearly recognized in the fine-fraction
δ13C records. Although the fine-fraction δ13C records exhibit
an increasing trend from the early Miocene towards
the MCIE in the early middle Miocene, the magnitude of the
isotopic change is not as large as that recognized in the
foraminiferal records. The δ13C values of fine-fraction carbonate are generally heavier than those of G. bulloides by
~0.3‰, except during the MCIE event when they overlap
with one another. Between ~14.9 and 9.4 Ma, the δ13C values of fine-fraction and O. universa overlap and are consistent in terms of their temporal variability at both Sites 1170
and 1172. However, starting from ca. 11.1 Ma, the fine-fraction δ13C values at Site 1172 gradually decrease, departing
from those of O. universa and nearly converging with those
of G. bulloides by ca. 9 Ma (Figure 3B).
The long-term (i.e., >1 m.y.) trends and individual events
in the δ13C records of the Miocene benthic foraminifers
C. mundulus and O. umbonatus are consistent between Sites
1170 and 1172 (Figures 2B and 3B). The δ13C values of
O. umbonatus are consistently depleted relative to those of
C. mundulus by ~1‰ throughout the Miocene, as indicated
in the scatter diagram (Figure 4C). The benthic foraminiferal
δ13C records clearly exhibit the MCIE and the signals of
individual “CM” events.

Isotopic offsets among individual planktic foraminiferal
species and the fine-fraction carbonate (i.e., a polyspecific
nannofossil assemblage) from the same sediment samples
often have been attributed to differences in depth of habitat.
For example, isotope-based depth rankings for fossil plankton species have been widely used to reconstruct temporal
variability in the water column structure [e.g., Savin et al.,
1985; Gasperi and Kennett, 1993]. However, stable isotopic
compositions of plankton skeletons are affected not only by
the depth habitat but also seasonal timing of calcite production near the surface, and, furthermore, their hydrographic
signals are potentially masked by non-equilibrium isotopic
fractionation upon precipitation of carbonate skeletons (i.e.,
so-called “vital effects”).

properties of the near-surface waters, the isotopic signals
recorded in the coccolith calcites may be biased to a particular
seasonal window of production and may not be representative
of an annual mean [Ennyu et al., 2002]. This is because the
seasonal timing of dominant nannoplankton production varies
depending on the prevailing climatic regime (i.e., sea-surface
temperatures and nutrient availability). Hence, the bulk finefraction carbonate collected from different oceanographic
settings may yield isotopic signals of different seasons.
In the subtropical and warm temperate oligotrophic waters,
nannoplankton production is nutrient-limited and its bloom
occurs primarily in the early spring when nutrient-rich (i.e.,
depleted in 13C) subsurface waters are injected into the surface
[e.g., Haidar et al., 2001]. Accordingly, the stable isotopes of
fine-fraction carbonate from these regions reflect near-surface
condition of the cold season [Ennyu et al., 2002]. In subpolar
waters, however, nannoplankton production is temperature
dependent and the majority of coccolith (or carbonate) flux
occurs in the late spring-early fall warm season, rather than in
the winter, as demonstrated at sediment trap experiment sites
in the subarctic Pacific [Reynolds and Thunell, 1985; Broerse
et al., 2000; Takahashi et al., 2000; Kuroyanagi et al., 2002].
A similar pattern of seasonal carbonate flux is reported from
the high-latitude North Atlantic as well [Samtleben and
Bickert, 1990; Andruleit, 1997, 2000]. Furthermore, sediment
trap experiments in subantarctic waters in the southwestern
Pacific sector of the Southern Ocean show high annual mass
flux during the austral late spring-early fall [King and Howard,
2001, 2003; Nodder and Northcote, 2001; Trull et al., 2001].
These particle flux measurements imply that the stable
isotopic compositions of fine-fraction carbonate from highlatitude waters represents a signal of warm season production.
Then what seasonal signal is represented in fine-fraction
stable isotope values from Sites 1170 and 1172 in the southern high latitudes? At Sites 1170 and 1172, the δ18O values
of fine-fraction carbonate are heavier than those of planktic
foraminifera throughout the Miocene (Figures 2A and 3A).
The standard interpretation of the δ18O records suggest that
the dominant nannoplankton (as represented by fine-fraction
carbonate) bloomed during the cold season while the planktic foraminifers O. universa and G. bulloides both calcified
in the warm season at shallower water depth. However, it
can be inferred from the δ13C records that the coccoliths and
O. universa calcified in a 13C-rich water mass that would
represent stratified near-surface, whereas G. bulloides production occurred in 13C-depleted water mass during the time
of seasonal deep-mixing.

4.1. Stable Isotopes of the Fine-Fraction Carbonate

4.2. Oxygen Isotopic Disequilibria

Although stable isotopic values of fine-fraction carbonate
extracted from deep-sea sediments presumably reflect the

The conflicting interpretation of the oxygen and carbon
stable isotope patterns among plankton groups in our records

4. EFFECTS OF ISOTOPIC DISEQUILIBRIA
AND SEASONALITY ON PLANKTON
STABLE ISOTOPES
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is possibly explained by oxygen isotopic “vital effects.” The
temperature-dependant δ18O disequilibrium fractionation has
been investigated for various carbonate-secreting marine
organisms. For instance, the temperature-δ18O relationships
for the selected planktic foraminiferal species determined
through culture experiments demonstrate non-equilibrium
fractionation for G. bulloides, whereas O. universa precipitates shells near δ18O equilibrium (Figure 5) [Bemis et al.,
1998, 2002]. On the other hand, Dudley et al. [1986] demonstrated that coccolithophores precipitate calcite significantly
offset from δ18O equilibrium [i.e., Kim and O’Neil, 1997], and
determined isotopically “heavy” and “light” species groups
(Figure 5). This experimentally determined species-specific
“vital effect” on secretion of coccolith calcite suggests that
varying species composition in the nannofossil assemblage
would affect the interpretation of the δ18O values of bulk
fine-fraction carbonate extracted from deep-sea sediments.
Although most of the Miocene coccolith species are no
longer extant, consideration of the nannoplankton assemblage

7

in the modern ocean and their disequilibrium factors would
aid in understanding the potential non-equilibrium δ18O
fractionations for ancient coccolith species that constitute
the fine-fraction carbonate component. Based on downcore
fine-fraction stable isotope records and their comparisons
with coexisting planktic foraminifers in the subtropical and
temperate oligotrophic settings, Ennyu et al. [2002] speculate that the Miocene polyspecific nannofossil assemblage is
represented by the isotopically “heavy” coccolith group of
Dudley et al. [1986]. Furthermore, A. Ennyu (manuscript
in preparation, 2004) postulates that the majority of the
Miocene nannofossils extracted from the high-latitude
North Pacific ODP Site 883 also belong to the “heavy”
group. Indeed, the fine-fraction δ18O-based paleotemperature estimates for the Miocene at Site 883 using the “heavy”
temperature-δ18O equation [Dudley et al., 1986] yield
reasonable values for cold temperate-subarctic settings.
Therefore, the downcore offsets among the δ18O values of
plankton groups do not solely represent differences in the
season of calcification and/or depth habitat, but also partially reflect patterns of oxygen isotopic disequilibria.
4.3. Seawater δ18O of the Miocene
In order to effectively interpret downcore multi-specific
plankton δ18O records in terms of paleotemperature, it is
essential to take into account the species-specific oxygen
isotope non-equilibrium fractionations [Ennyu et al., 2002;
Spero et al., 2003]. Thus, we attempt to normalize the oxygen isotope disequilibria through application of published
experimental temperature-δ18O relationships for each plankton taxa (Figure 5) before considering Miocene near-surface
paleohydrography further. Calculation of paleotemperatures
from biogenic carbonate δ18O values requires knowledge or
estimates of the oxygen isotopic composition of ambient
seawater (δw) in which the organism calcified. The paleo-δw
value is a function of the global mean oceanic δw (primarily
determined by ice volume) and the local freshwater balance
(evaporation, precipitation and runoff) and their relative
effects on oxygen isotope mass balance.

Figure 5. Comparison of published experimental temperatureδ18O relationships for carbonates. δc (‰ vs. VPDB) and δw (‰ vs.
VSMOW) denote oxygen isotopic compositions of calcite and
water, respectively. (1) Revised paleotemperature equations for
planktic foraminifers G. bulloides and O. universa from Bemis
et al. [2002], originally determined by Bemis et al. [1998] through
culture experiments; (2) Culture experiment of planktic foraminifer
Globigerinoides sacculifer [Erez and Luz, 1983]; (3) Culture
experiments of oxygen isotopically “heavy” and “light” coccolithophorid species [Dudley et al., 1986]; (4) Experimental δ18O
equilibrium fractionation relationships between inorganic calcite
and water [Kim and O’Neil, 1997].

4.3.1. Global trend. For the effect of ice-volume variability on the carbonate δ18O trend, we estimate the Miocene
global mean oceanic oxygen isotope composition (δw(global))
based on a global compilation of benthic foraminiferal δ18O
(Figure 6A). Temporal variability in the benthic foraminiferal
δ18O is often regarded as reflecting a combination of continental ice volume and deepwater temperature [e.g., Miller
et al., 1987]. However, the relative contribution of the ice
volume factor on the benthic foraminiferal δ18O variability
cannot be determined without an independent paleotemperature proxy. Consideration of the ice volume effect on δw(global)
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Figure 6. (A) Global compilation of deep-sea benthic foraminifer Cibicidoides oxygen stable isotope records for the Miocene. Raw data from
multiple sites (see Table 2 for data sources) are averaged using a 5-point running mean (shown as dots), and then smoothed using a weighting factor with a normal distribution and resampled in 200 k.y. resolution (solid line). The resampled time-series δ18O data is used to calculate the global mean seawater δw (panel B). The compiled δ18O data are mostly derived from the analyses of C. wuellerstrofi or C. mundulus
(= C. kullenbergi), but also include other minor Cibicidoides species and O. umbonatus. The O. umbonatus δ18O values are adjusted to
Cibicidoides by subtracting 0.6‰ [i.e., Shackleton et al., 1984]. No isotopic correction is made within Cibicidoides species. This global compilation is nearly identical to that of Zachos et al. [2001]. (B) Comparisons of reconstructed global mean oceanic oxygen stable isotope
(δw(global) vs. VSMOW) records calculated based on the globally compiled benthic foraminiferal δ18O record (panel A), with assumptions that
the ice volume expansion accounts for 20, 50, 85, or 100% of the middle Miocene benthic foraminiferal δ18O increase of ca. 1‰. The published δw records derived from benthic foraminiferal Mg/Ca ratios [Lear et al., 2000; Billups and Schrag, 2002, 2003] are also plotted for comparison. The δw profile of Billups and Schrag [2003] represent unsmoothed values recalculated using the original Mg/Ca data [Billups and
Schrag, 2003] and the composite benthic foraminiferal δ18O record of Zachos et al. [2001]. See the caption of Figure 2 for abbreviations.

is particularly important for the time interval during which
major change in ice volume is predicted, for instance, across
the Eocene/Oligocene boundary and the middle Miocene
[e.g., Zachos et al., 2001]. Lear et al. [2000] addressed this
issue through analysis of the benthic foraminiferal Mg/Ca
ratio and suggested that the benthic foraminiferal δ18O
increase of ~1.3‰ across the Eocene/Oligocene boundary is
almost entirely due to build up of continental ice. They further
postulated that ~85% of the middle Miocene benthic
foraminiferal δ18O increase of ~1‰ resulted from an increase
in the volume of EAIS.
The δw(global) record adopted in this study to calculate
paleotemperatures is derived as follows. We assume that the
temporal trend in the globally compiled benthic foraminiferal
δ18O record (Figure 6A; see Table 2 for data sources) primarily reflects ice volume variability. Although the magnitude of
its relative contribution still remains uncertain, we assume

that the ice volume expansion accounts for 85% [Lear et al.,
2000] of the increase in the global benthic foraminiferal δ18O
between 14.5 and 12.7 Ma (“EAIS” in Figure 6), and that the
mean post-EAIS benthic foraminiferal δ18O values between
13 and 9 Ma was -0.2‰. The output oceanic δw(global) profile
(black solid line in Figure 6B) indicates that the most depleted
values of ~-1‰ occur during the MMCO, preceded by relatively enriched values during the early Miocene. Also shown
in Figure 6B are the output values of sensitivity tests assuming that the ice volume increase accounts for 20, 50, or 100%
of the middle Miocene benthic foraminiferal δ18O increase
of ~1‰.
The calculated δw(global) record with the 85% ice volume
effect scenario (Figure 6B) appears to be in reasonable
agreement with the general trend of the δw record generated
from paired analyses of benthic foraminiferal δ18O and
Mg/Ca ratios at ODP Site 747 in the Indian Ocean sector of
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Table 2. Literature Sources of the Benthic Foraminiferal Stable
Isotope Data from DSDP/ODP Sites.
Site

References

237
289
563
588
608
704
747

1, 2
2, 3, 4, 5
2, 6, 7, 8
9
7, 8
7, 8
10

Sources of literature stable isotope data are (1) Vincent et al. [1985];
(2) Woodruff and Savin [1991]; (3) Savin et al. [1981]; (4) Woodruff and
Savin [1989]; (5) Hodell and Vayavananda [1993]; (6) Miller and
Fairbanks [1985]; (7) Wright et al. [1991]; (8) Wright et al. [1992];
(9) Kennett [1985]; (10) Wright and Miller [1992]. All sample ages are
recalibrated to the geomagnetic polarity time scale of Cande and Kent
[1995] and the magnetobiochronologic time scale of Berggren et al. [1995]
prior to compilation.

the Southern Ocean [Billups and Schrag, 2002]. The δw
record of Lear et al. [2000], which represents a smoothed
line over several measurements from ODP Site 926 in the
western equatorial Atlantic and Deep-Sea Drilling Project
(DSDP) Site 573 in the eastern equatorial Pacific, exhibits
significantly higher δw values than our 85% ice-volume scenario profile, while the two records agree in terms of the
magnitude of the δw increase across the EAIS interval. On
the other hand, a recent Mg/Ca-based δw estimate of Billups
and Schrag [2003] at ODP Site 757 in the Indian Ocean is
offset by up to ~+1‰ from previous ones [i.e., Lear et al.,
2000; Billups and Schrag, 2003] and our δw(global) profile
with the 85% ice volume scenario.
Such offset in the Mg/Ca-based δw values appears to have
originated largely from the Mg/Ca-temperature calibrations
that have been applied. Indeed, Billups and Schrag [2003]
demonstrated that application of a recent Mg/Ca-temperature
calibration of Lear et al. [2002] to the Mg/Ca record from Site
747 [Billups and Schrag, 2002] results in output δw values
~0.8‰ more enriched than those originally calculated and
overlaps with the Site 757 record. Selection of which calcite
δ18O record is to be used further obscures the Mg/Ca-based δw
calculations. For instance, Billups and Schrag [2002] applied
benthic foraminiferal δ18O data from Site 747, whereas Lear
et al. [2000] and Billups and Schrag [2003] used the globally
compiled benthic foraminiferal δ18O records of Miller et al.
[1987] and Zachos et al. [2001], respectively; this compilation exhibits an offset from the Site 747 benthic δ18O record
by up to ~-1‰. As such, there is considerable uncertainty in
estimating Miocene “mean oceanic” δw based on benthic
foraminiferal Mg/Ca ratios. Therefore, we suggest it is premature to take the currently available Mg/Ca-based δw records as
globally definitive, and we suggest our δw(global) reconstruction
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based on the globally compiled benthic foraminiferal δ18O
record with the 85% ice volume effect assumption (thick solid
line in Figure 6B) approximates a plausible global trend.
4.3.2. Local freshwater balance. In order to account for
local upper ocean water deviations from the mean oceanic
δw, we assume that the modern spatial gradients in δw and
salinity and the relationship between them are applicable to
the Miocene ocean. We calculate the modern local δw values
based on available salinity data because there are few δw
measurements reported from the region south of Tasmania
[Schmidt et al., 1999]. Although the Miocene global hydrologic cycle may have operated somewhat differently from
that at present, it is conceivable that meridional gradients in
seawater δw existed in the Miocene oceans, but we have no
knowledge of the seawater δw distribution or the salinity-δw
relationship for the Miocene. For this reason, we must
employ the modern δw distribution, or salinity distribution
and the relationship between salinity and δw, where δw measurements are not available, to infer the paleo-δw values.
The local salinity values at the 20, 15, 10, and 5 Ma
palolocations along the Site 1170 and 1172 trajectories
(Figure 1) are taken from the ocean climate atlas of Levitus
et al. [1994]. Salinity values are converted to seawater δw
using a modeled relationship between them [Schmidt, 1999].
The calculated δw values (Table 3) are generally in agreement with previously reported observations from south of
Tasmania [Schmidt et al., 1999]. The local seawater δw
value for each sample age (i.e., paleolatitude) is derived by
linearly interpolating the calculated δw values. The local
seawater δw value for the Miocene (δw(local)) is the sum of
δw(global) and the modern local δw values. For paleotemperature calculations, appropriate correction factors are applied
to convert δw values from Vienna standard mean ocean
water (VSMOW) to VPDB [i.e., Bemis et al., 1998].
Given that the calculated modern δw distribution is valid,
one could argue that the modern surface hydrography may
not be applicable to the Miocene oceans. Indeed, reconstructions of planktic foraminiferal biogeography, which
reflect distributions of climatic conditions and hydrographic
regimes, for the Miocene in the Southern Hemisphere differ
from the modern patterns [e.g., Kennett et al., 1985; Wright
and Thunell, 1988]. For this reason, the use of the inferred
modern δw values may bring about errors in paleotemperature calculations. To assess the potential errors associated
with our assumptions in paleo-δw estimates, we examine
the sensitivity of the δw values to paleotemperatures. The
modern meridional gradient in δw between the 20 and 10 Ma
paleo-locations for Sites 1170 and 1172 (Figure 1) are 0.10
and 0.19‰, respectively (Table 3). Such δw differences
would impact temperature calculations with uncertainties in
a range of ~0.4-0.9°C, if a slope of the temperature-δ18O
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Table 3. Modern Near-Surface Hydrographic Data at the ODP Sites 1170 and 1172 Paleo-Locations.
Site 1170
Paleo-location
Age
(Ma)
0
5
10
15
20

Lat.
46.5°S
49.5°S
51.5°S
54.5°S
56.5°S

Site 1172
Temp. (°C)

Paleo-location

Long.

Sal.
(ppt)

δw
(‰)

Wint.

Sum.

Lat.

146.5°E
146.5°E
146.5°E
147.5°E
149.5°E

34.71
34.35
34.13
33.90
34.87

0.19
0.07
-0.01
-0.09
-0.11

9.8
7.6
5.2
1.8
1.4

12.5
10.4
8.8
5.7
4.5

43.5°S
46.5°S
48.5°S
51.5°S
53.5°S

Temp. (°C)

Long.

Sal.
(ppt)

δw
(‰)

Wint.

Sum.

149.5°E
150.5°E
150.5°E
151.5°E
153.5°E

35.07
34.77
34.54
34.19
34.02

0.32
0.22
0.13
0.01
-0.05

11.8
10.3
8.7
6.2
4.1

15.9
13.1
11.4
9.0
7.5

Modern data for paleo-locations are picked from the 1° grid cells of the LEVTUS94 ocean climate atlas [Levitus and Boyer, 1994; Levitus et al., 1994] along
the predicted site trajectories (Figure 1). Salinity values represent annual averages of the monthly datasets for the depths of 0, 10, and 20 m (i.e., 36 data cells).
Values of δw (δ18O of seawater; ‰ vs. VSMOW) are calculated using the salinity-δw equation of Schmidt [1999]. Seasonal variations of salinity (mostly, <0.3
ppt) are not considered because they would affect the calculated δw values only by ~0.1% or less. Temperature values represent the averages of the winter
(July-September) and summer (January-March) for the upper 20 m.

relationship of Kim and O’Neil [1997] (Figure 5) is applied.
Therefore, a latitudinal displacement of hydrographic
regime of ~5° in the region would be equivalent to the magnitude of errors in paleotemperature estimates resulting from
the uncertainty in δw estimates.
4.4. Paleotemperature Estimates
Figure 7 shows paleotemperatures calculated from
the δ18O values of O. universa, G. bulloides, and the
fine-fraction carbonate using appropriate temperature-δ18O

relationships (Figure 5). We applied the “heavy” temperature-δ18O equation of Dudley et al. [1986] for the finefraction δ18O, assuming that the majority of the Miocene
bulk fine-fraction carbonate from Sites 1170 and 1172 is
composed of isotopically “heavy” coccolith species. The
paleotemperature equations applied for planktic foraminiferal
species are the revised experimental temperature-δ18O
relationships of Bemis et al. [2002], originally determined
by Bemis et al. [1998]. We assume that the extrapolation is
valid of the temperature-δ18O equations towards lower
temperatures.

Figure 7. Miocene paleotemperature estimates at ODP Sites 1170 (A) and 1172 (B) based on the δ18O records of planktic foraminifers G.
bulloides and O. universa and fine-fraction carbonate. Superimposed on the paleotemperature profiles as thick dashed lines are the modern
summer and winter surface temperature values at selected latitudes along the Site 1170 and 1172 tectonic trajectories plotted against the
respective ages (Table 3). (C) Global mean seawater oxygen isotopic composition (δw(global) vs. VSMOW) with the 85% ice volume effect
scenario (replotted from Figure 6B) used to calculate paleotemperatures. See the caption of Figure 2 for abbreviations.
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In general, paleotemperatures calculated from the δ18O
values of the fine-fraction carbonate and O. universa are
higher than those from G. bulloides throughout the Miocene
at the both sites (Figure 7). Paleotemperatures from the finefraction carbonate and O. universa overlap for the most of
the time at both Sites 1170 and 1172, but fine-fraction paleotemperatures are slightly higher than those of O. universa
prior to ca. 13.7 Ma at Site 1172. Nonetheless, the paleotemperature estimates imply that O. universa and the majority of coccoliths calcified in stratified near-surface water
during the warm season, which is consistent with the relatively enriched δ13C values for O. universa and fine-fraction
(Figures 2B and 3B). On the other hand, the G. bulloides
δ18O-based paleotemperatures are the lowest among other
records (Figure 7) probably reflecting their production nearsurface during the cold season or in a subsurface water mass
that is consistent with relatively depleted G. bulloides δ13C
values (Figures 2B and 3B). Overall, the δ18O-based paleotemperature estimate that takes into account the effects of
species-specific oxygen isotopic disequilibrium and longterm δw(global) (i.e., ice volume) variability is more useful
than the raw plankton δ18O data, when interpreted in
conjunction with the carbon isotope records.
4.5. Seasonal Cycles and Plankton Stable Isotopes
In the modern subarctic oceanographic settings, production of O. universa occurs during the narrow seasonal window
in the summer (i.e., August-October) when the sea-surface
temperature (SST) is the annual maximum, whereas G.
bulloides flux peaks in the late spring-early summer (i.e.,
April-June) when the SST is relatively low, as demonstrated
at a sediment trap experiment site in the northeastern
North Pacific [Reynolds and Thunell, 1985; Sautter and
Thunell, 1989]. Furthermore, sediment trap experiments in
subantarctic waters (i.e., between the STF and SAF in
Figure 1) south of Tasmania and east of New Zealand indicate that the highest G. bulloides flux occurs in the austral
late spring (i.e., September-October) [King and Howard,
2001, 2003]. In addition, a multiple-depth flux experiment
in the subantarctic waters demonstrates near-surface (i.e.,
upper ~100 m) production of G. bulloides [Mortyn and
Charles, 2003]. Therefore, the hindcast seasonal timing
of production for planktic foraminifers O. universa and G.
bulloides from the δ18O-based paleotemperature records at
Sites 1170 and 1172 appear to correspond to the modern
seasonal flux patterns in subarctic and subantarctic waters.
The relatively high paleotemperature estimates from finefraction δ18O records are also compatible with particle flux
experiments performed in the subarctic Pacific [e.g.,
Reynolds and Thunell, 1985; Broerse et al., 2000; Takahashi
et al., 2000; Kuroyanagi et al., 2002] and the high-latitude
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North Atlantic [e.g., Samtleben and Bickert, 1990;
Andruleit, 1997, 2000] in that the peak carbonate flux occurs
in the late spring-early fall warm season. The high mass flux
during the austral late spring-early fall in subantarctic waters
[King and Howard, 2001, 2003; Nodder and Northcote,
2001; Trull et al., 2001] is indicative of coccolith production
in the warm season, also supporting our δ18O-based paleotemperature estimates from fine-fraction. The presumed
near-surface production of coccolith calcite in the subantarctic waters is supported by several lines of evidence.
For instance, maxima in the coccolithophorid cell density
occur in the upper ~70 m in the subantarctic waters between
Tasmania and Antarctica [Findlay and Giraudeau, 2000].
Also, indicators of primary production, such as fluorescence
and chlorophyll a concentrations, exhibit their peaks in the
upper ~100 m [Mortyn and Charles, 2003] and at ~50 m
[Popp et al., 1999], respectively, in the subantarctic waters.
Furthermore, in the subarctic North Pacific, production of
alkenone compounds is inferred to be centered in the upper
~50 m [Ohkouchi et al., 1999; Pagani et al., 2002].
Figure 8A illustrates a comparison of the planktic
foraminiferal carbon isotope records from Sites 1170 and
1172 with those from DSDP Site 588 in the subtropical
western South Pacific (see Table 1 for site information). At
Site 588, the δ13C values of the shallow-dwelling planktic
foraminifer (SPF) Globigerinoides that calcifies in summer
are relatively higher than those of the deep-dwelling planktic foraminifer (DPF) Globoquadrina, presumably reflecting
the difference in the δ13C values of the ambient water in
which they calcified [Ennyu et al., 2002]. Interestingly, the
δ13C records of O. universa from Sites 1170 and 1172 are
fairly consistent with that of Site 588 SPF in terms of their
values and temporal trends. This further supports the
inferred summertime production of O. universa during the
Miocene at Sites 1170 and 1172. In contrast, the δ13C values
of G. bulloides from Sites 1170 and 1172 are more depleted
and are close to those of Site 855 DPF, particularly after
ca. 13.4 Ma, supporting our suggestion that G. bulloides production occurred in the cold season when the upper water
column is less-stratified, their δ13C values reflecting a signal
of the 13C-depleted water mass.
A distinct offset in the δ13C records of fine-fraction carbonate is recognized between DSDP Site 588 and ODP Sites
1170 and 1172 (Figure 8B). We consider that the production
of coccolith calcite in the warm season, as implied by
the fine-fraction δ18O-based paleotemperature estimates
(Figure 7), in the 13C-rich near-surface water mass as a primary factor causing the enriched fine-fraction δ13C values at
the high-latitude Sites 1170 and 1172. The relatively
depleted Site 588 fine-fraction δ13C values reflect the
restricted seasonal production of the dominant coccolith
carbonate in early spring when the 13C-depleted subsurface
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Figure 8. Comparisons of planktic foraminifera (A) and fine-fraction (B) carbon stable isotope records from ODP Sites 1170 and 1172 with
those from DSDP Site 588. Planktic foraminiferal species from Sites 1170 and 1172 present O. universa and G. bulloides. DPF: deepdwelling planktic foraminifer Globoquadrina; SPF: shallow-dwelling planktic foraminifer Globigerinoides. See Table 1 for the literature
data sources and the Figure 2 caption for other abbreviations.

water mass crops out at the surface through deep-mixing
[Ennyu et al., 2002]. In addition, the effect of thermodynamic processes –air-sea gas exchange and associated
equilibrium isotope fractionation at low temperatures
[Lynch-Stieglitz et al., 1995; Gruber et al., 1999]– may
partially account for the enriched fine-fraction δ13C values
at Sites 1170 and 1172.
5. DISCUSSION
5.1. Near-Surface Paleoclimate Off Tasmania
The G. bulloides δ18O-based paleotemperature record
exhibits progressive warming trends through the Miocene,
from ~3ºC at ca. 20 Ma to ~8ºC at ca. 10 Ma, with no clear
signals of cooling over the interval 14.5-12.7 Ma (i.e.,
benthic foraminiferal EAIS event) at Sites 1170 and 1172
(Figure 7). Furthermore, paleotemperatures calculated
from the O. universa δ18O do not decrease, remaining relatively constant across the EAIS event at the both sites;
paleotemperature increases after ca. 11.1 Ma at Site 1172.
The fine-fraction δ18O-based paleotemperatures also exhibit
progressive increases through the Miocene, but a slight
decrease of ~1-2ºC across the EAIS interval occurs following the MMCO at both Sites 1170 and 1172.
5.1.1. Effect of tectonic displacement on long-term climatic
trends. Warming of near-surface water masses around the

southern high latitudes during the middle Miocene seems
counterintuitive because the EAIS expansion is thought to
have occurred as the result of cooling in the southern high
latitudes during this time [Kennett, 1977]. The reconstructed
warming in the Miocene at southern high latitudes could
be either due to a regional warm-water incursion, or simply
reflects the northward movement of the region encompassing the STR and ETP as Australia moves northward [i.e.,
Weissel and Hayes, 1972; Lawver et al., 1992; Lawver and
Gahagan, 2003] into warmer climatic regimes. To evaluate
the latter possibility, we compare the δ18O-based paleotemperature records with the modern summer and winter SST
distribution from the Levitus and Boyer [1994] climate atlas
at selected paleo-locations (i.e., at 20, 15, 10, and 5 Ma)
along the tectonic trajectory for each site (Figure 1; also see
Table 3 for the temperature data) plotted against corresponding ages (Figure 7).
The modern SST latitudinal transects along the site trajectories between the 20 and 10 Ma paleo-latitudes exhibit
distinct meridional thermal gradients of about 4ºC for both
Sites 1170 and 1172 (Figure 7). At Site 1170, the cold season paleotemperatures (i.e., G. bulloides) are higher than the
modern winter SSTs by ~2-3ºC throughout the interval studied, with the two profiles roughly paralleling one another
(Figure 7A). Similarly, the warm season paleotemperatures
(i.e., O. universa and fine-fraction) are higher than the
modern summer SSTs by ~4ºC at Site 1170. However, the
differences between the warm season paleotemperatures
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and the modern summer SSTs at given locations become
smaller after ca. 14.5 Ma. In contrast, at Site 1172, paleotemperature trends are fairly consistent with the modern
meridional SST gradient for both summer and winter, except
that the fine-fraction δ18O-based paleotemperatures are
higher than the modern summer SSTs by ~1-2ºC prior to ca.
13.7 Ma (Figure 7B).
Comparisons of δ18O-based paleotemperature records
with modern seasonal SST distribution along the tectonic
paths of the sites suggest that the increasing Miocene
temperature trends at Sites 1170 and 1172 primarily reflect
the northward translation of the Indo-Australian Plate
and accompanying increase in the temperatures of the
prevailing near-surface water masses around the sites.
Indeed, if the paleotemperature profiles are “detrended” in
accordance with the modern latitudinal SST gradients, the
warm season paleotemperature records exhibit a decrease
between ~14.5 and 11 Ma, particularly at Site 1170, while
the G. bulloides δ18O-based cold season paleotemperatures
would remain relatively constant through the Miocene at the
both sites (Figure 7). This implies that the properties of the
cold season near-surface waters, or the subsurface water
masses that crop out at the surface in the winter, were relatively stable during the Miocene at the sites. In this view,
the decreases in the G. bulloides δ13C values in the middle
Miocene (Figure 8A) would reflect the global oceanic
reservoir trend.

13

5.1.2. Site-to-site comparisons and paleoclimatic implications. Figure 9 shows comparisons of the Miocene
δ18O-based paleotemperature records from Sites 1170 and
1172 plotted for each plankton group including foraminiferal species G. bulloides and O. universa and the finefraction carbonate. Our results indicate that the differences
in paleotemperatures between the two sites are not significant for the most of the interval. Between ~12.7 and 11.8
Ma, however, the Site 1172 G. bulloides and O. universa
paleotemperatures are slightly higher than Site 1170
(Figures 9A and 9B). The fine-fraction δ18O-based paleotemperature records from Sites 1170 and 1172 are in
concert with one another in terms of the temperature values
and the phase of temporal fluctuations, particularly between
~16.4 and 11.5 Ma (Figure 9C). Furthermore, the δ13C
records of planktic foraminiferal species and the finefraction carbonate between the two sites exhibit similar
values and temporal trends for each plankton group throughout the Miocene (Figure 8). Therefore, these site-to-site
similarities in paleotemperature and carbon stable isotope
records between Sites 1170 and 1172 suggest that the
two sites were characterized by a common water mass,
or water masses with similar near-surface hydrographic
conditions (i.e., temperature and δ13C) between ~20.1 and
11.2 Ma.
In comparing paleotemperature records to the modern
SST distribution, we suggest that both sites were situated to

Figure 9. Comparisons of the δ18O-based paleotemperature estimates between ODP Sites 1170 and 1172 for G. bulloides (A), O. universa
(B), and fine-fraction carbonate (C).
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the north of the proto-SAF, or a sharp gradient in meridional
SST that is recognized as the SAF in the modern ocean
[Belkin and Gordon, 1996; Rintoul et al., 1997], if it existed,
and were bathed by a common surface water mass in the
Miocene, at least for the interval ca. 20.1-11.2 Ma. This
implies that the proto-SAF was situated significantly more
southerly than today between ~20.1 and 11.2 Ma. During
this interval, the eastward flow of an ACC that was warmer
than today influenced both sites. Incursion of relatively
warm water from the west, probably that similar to the
Leeuwin Current that presently flows eastward along the
Great Australian Bight [Cresswell and Golding, 1980],
rather than the subtropical western boundary current, may
have ameliorated SSTs in the STR and ETP region until ca.
14.5 Ma. After this period, the warm season near-surface
temperatures in the region cooled relatively by ~1-2ºC
between ~14.5 and 12.7 Ma, but this trend is masked by the
northward movement of the sites and accompanying temperature increase. The differentiation in prevailing water
temperatures between the STR and ETP, observed today,
may have occurred sometime after ca. 11.2 Ma, a time when
only the northerly Site 1172 crossed the STF and was subjected to the influence of the warm EAC while Site 1170
remained in a subantarctic water mass.
5.2. Deepwater Circulation
Gradients in deepwater carbon isotopic compositions
among multiple deep-sea sites, as represented by benthic
foraminiferal δ13C values, have been commonly used to
interpret sources of deepwater formation and to reconstruct
deep-ocean circulation patterns. Previous workers have suggested that cooling of the Southern Ocean and associated
expansion of EAIS in the middle Miocene resulted in
increased production of cold SCW that spread into the major
oceanic basins, replacing the relatively warm TISW that
entered the Southern Ocean via the Indian Ocean [e.g.,
Woodruff and Savin, 1989; Flower and Kennett, 1995].
In particular, Woodruff and Savin [1989] postulate that
diminishing Tethyan influence by 14 Ma, resulting from closure of the eastern Tethys seaway, decreased poleward
oceanic heat transport by the deep-circulation, increased latitudinal temperature gradients, and induced growth of the
EAIS. Wright et al. [1992] further developed the scenario of
Miocene deepwater production as one fluctuating between
two modes: (1) an early Miocene (24-20 Ma) and early middle Miocene (16-12.5 Ma) deepwater circulation system
dominated solely by cold SCW, and (2) another mode in
which SCW was attenuated by production of warmer, saltier
northern component water (NCW) and TISW during the late
early Miocene (20-16 Ma) and solely by NCW during the
late middle Miocene (12.5-10 Ma).

5.2.1. Deepwater masses at Sites 1170 and 1172. The
Tasmanian Gateway is the key oceanic region to test hypotheses concerning the middle Miocene deep-ocean circulations for its regional proximity to monitoring the confluence
of the saline water mass (i.e., NCW- or TISW-source) and
the cold SCW that enter the Pacific. Figure 10 shows the
benthic foraminifer C. mundulus carbon and oxygen stable
isotope records from Sites 1170 and 1172, plotted along with
the published Cibicidoides isotope records from DSDP Sites
289 and 588 in the Pacific, DSDP Site 608 in the North
Atlantic, and ODP Site 747 in the Indian sector of the
Southern Ocean for comparison (see Table 1 for site information). The Sites 1170 and 1172 C. mundulus isotope profiles include offset-corrected values of C. wuellerstorfi
(δ13C and δ18O) and O. umbonatus (δ18O) in accordance
with the correction factors (Figure 4) for the samples from
which C. mundulus is not available.
In general, the δ13C records of C. mundulus at Sites 1170
and 1172 are fairly consistent with one another in terms of
isotopic values and temporal variability through the early and
middle Miocene (Figure 10A or 10C). Between ~17.4 and
16.1 Ma, the C. mundulus δ13C values at Site 1172 are
depleted relative to those at Site 1170, and increase rapidly
towards the “CM3” [i.e., Woodruff and Savin, 1991] isotopic
event. Although we are unable to determine its origin, this
rapid positive shift in the δ13C values at Site 1172 in the
earliest middle Miocene may be the result of uncertainty in
the age model employed [Ennyu, 2003]. On the other hand,
the δ18O values of C. mundulus at Site 1170 are depleted relative to those at Site 1172 by up to ~0.7‰ in the early and
early middle Miocene prior to ca. 14.5 Ma (Figure 10B or
10D). After ca. 14.5 Ma, it appears that the C. mundulus oxygen isotopic differences between the two sites become
smaller than ~0.2‰. The depleted C. mundulus δ18O values
at the deeper Site 1170 situated in the southwest of the
shallower Site 1172 may imply influence of a denser saline
water mass probably of TISW-origin at Site 1170 until ca.
14.5 Ma.
5.2.2. Basin-scale comparisons of benthic foraminiferal
stable isotopes. Comparisons of the Sites 1170 and 1172
C. mundulus δ13C records to the Cibicidoides δ13C records
from other deep-sea sites indicate that the basin-to-basin
carbon isotopic gradients are small (i.e., <0.3‰), and the
δ13C trends and values among the sites are consistent across
the separate oceanic basins through the Miocene (Figures 10A
and 10C). Although most of the published stable isotope
measurements on the Miocene benthic foraminifera plotted
in Figure 10 are performed on mixed Cibicidoides species
(see Table 1 for data sources), the effects of carbon isotopic
offsets among the species (e.g., Figure 4A) on the relative
differences between the sites are unpredictable, and therefore

7728_Ch_13.qxd

24-Sep-04

6:35 PM

Page 15

ENNYU AND ARTHUR

15

Figure 10. Comparisons of benthic foraminifer Cibicidoides carbon (A and C) and oxygen (B and D) stable isotope records from ODP Sites
1170 and 1172 with those from DSDP Sites 289, 588, and 608 and ODP Site 747. Published stable isotope data for each of Sites 289, 588,
608, and 747 is smoothed using a weighting factor with a normal distribution as represented by solid or dashed thick line. See Table 1 for
the literature data sources and the Figure 2 caption for abbreviations.

we take the literature data at face value for the purpose of
site-to-site comparisons.
In the modern ocean, basin-to-basin fractionations in
deepwater δ13C values, particularly between the Atlantic and
Pacific Oceans, are clearly recognized [Kroopnick, 1985] as
shown in Figure 11. The lack of basin-scale differences in
benthic foraminiferal carbon stable isotopes in the Miocene
records implies that the modern deepwater circulation
pattern did not exist during the interval we studied. The
only distinct carbon isotopic differences in the Miocene
record that are compatible with a modern circulation is the

Figure 11. Carbon isotopic compositions of dissolved inorganic
carbon in the modern ocean waters [Kroopnick, 1985] at the ~2010 Ma paleo-depths and -locations [i.e., Woodruff and Savin, 1989;
Wright et al., 1992] for the deep-sea sites discussed in Figure 10.

persistent gradient of ~0.6‰ between Sites 289 and 588
(Figure 10A), which implies a northward advection of deepwater in the western South Pacific since the early Miocene
[Woodruff and Savin, 1989]. Wright et al. [1991] postulated
that a global deepwater circulation pattern resembling the
modern ocean was established in the late late Miocene
at about 7 Ma, although we cannot address this timing with
our data.
In contrast to the δ13C records, the δ18O records of
Cibicidoides exhibit site-to-site differences throughout the
Miocene (Figures 10B and 10D). On average, the δ18O values of C. mundulus at Sites 1170 and 1172 are higher than
those of Cibicidoides from the other sites. In particular, Site
1172 C. mundulus δ18O values are the highest among other
sites, suggesting that this site was influenced by cold SCW
throughout the Miocene. On the other hand, the Site 1170
C. mundulus δ18O values overlap with or are only slightly
heavier than those at shallower Sites 289 and 747 during the
early and early middle Miocene until about 14.5 Ma, but
become distinctively heavier and depart from the δ18O values at Sites 289 and 747 during and after the EAIS interval
(Figures 10B and 10D). This suggests that the influence of
the warm, saline water mass (i.e., TISW-source) at Site 1170
diminished by ca. 14.5 Ma, followed by the sole dominance
of the cold SCW at both Sites 1170 and 1172 that may have
resulted from the cooling of the surface waters as predicted
from the δ18O records of fine-fraction carbonate and planktic foraminifer O. universa.
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6. CONCLUSIONS
Records of oxygen and carbon stable isotopes of planktic
foraminifers O. universa and G. bulloides and the fine-fraction carbonate from ODP Sites 1170 and 1172 off Tasmania
offer a unique opportunity to reconstruct the continuous history of the middle Miocene near-surface paleohydrography
in the Southern Ocean. The δ18O-based paleotemperature
estimates, interpreted in conjunction with the δ13C records,
suggest that the stable isotopic compositions of O. universa
and fine-fraction carbonate indicate seasonal hydrographic
conditions of warm, stratified near-surface waters whereas
those of G. bulloides reflect water properties of the cool season in this subantarctic setting.
The Miocene near-surface paleotemperature trends at
Site 1172 are consistent with the modern SST distributions
along the site trajectory, whereas those at the more southerly
Site 1170 were characterized by water masses warmer than
today at the site paleo-locations. No significant differences in
the calculated paleotemperatures and the plankton δ13C values between Sites 1170 and 1172 are recognized. Therefore,
we suggest that the two sites were characterized by a common water mass in the subantarctic regime, probably north of
the proto-SAF, which may have been situated significantly
more southerly than its present latitude, throughout the
Miocene until at least ca. 11.2 Ma. The relatively warm finefraction δ18O-based paleotemperatures prior to ca. 14.5 Ma at
both Sites 1170 and 1172 suggest that the prevailing subantarctic water was influenced by incursions of warm water,
probably that similar to the Leeuwin Current [i.e., Cresswell
and Golding, 1980], from the west. We recognize a decrease
in the warm-season, near-surface temperature of ~2ºC across
the middle Miocene EAIS interval, and no signal of the warm
western boundary current around the northerly Site 1172 was
identified during the interval we studied. We suggest that the
influence of EAC at Site 1172 and the differentiation of the
surface water temperatures between Sites 1170 and 1172
occurred sometime after ca. 11.2 Ma.
The relatively depleted benthic foraminiferal δ18O values at
the deeper Site 1170 suggest that deepwater at the site was
influenced by the Tethyan-source warm, saline water until
about 14.5 Ma, while the region near Site 1172 was characterized by a cold southern component deepwater mass. We
postulate that both Sites 1170 and 1172 were dominated solely
by SCW after ca. 14.5 Ma, probably due to cooling of the
surface waters and associated increase in the rate of production of cold deepwater in the Southern Ocean. Reconstruction
of the near-surface paleohydrography and deepwater circulation in the Tasmanian Gateway region further supports the
hypothesized initiation of unrestricted flow of Antarctic
circumpolar current and associated cooling of the southern
high latitudes at ca. 14.5 Ma [e.g., Pagani et al., 2000].
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