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Middle-late Pleistocene deep water circulation in the southwest
subtropical Pacific
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[1] The modern §'*Cpyc distribution in southwest subtropical Pacific deep waters is consistent with a regional
mixing regime between water masses of open Pacific Ocean and Tasman Sea origin. This mixing regime is
reconstructed across the middle-late Pleistocene using a record of benthic foraminiferal 6'°C in a sediment core
from the New Caledonia Trough. The relative influence on the mixing regime from open Pacific Ocean deep
waters is seen to be significantly reduced during glacial in comparison to interglacial stages over the past 1.1 Ma.
The spatial §'°C gradient in the Southern Ocean between deep waters entering the Tasman Sea and the open
Pacific Ocean is shown to be consequently greater during glacial than interglacial stages but was generally
reduced across the period of the Middle Pleistocene Transition. The existence of strong spatial chemical
gradients in the glacial Southern Ocean limits its capacity to act as an enhanced sink for atmospheric carbon.
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1. Introduction

[2] The majority of the inorganic carbon in the ocean/
atmosphere system resides in the deep waters of the global
ocean. The modern residency time for these waters is of the
order of 1000—2000 years meaning that changes in deep
water circulation have the potential to play a key role in
driving and propagating climatic change on centennial,
millenial [Elliot et al., 2002; Pahnke and Zahn, 2005] and
glacial-interglacial timescales [Archer et al., 2000; Charles
and Fairbanks, 1992; Piotrowski et al., 2005]. On longer
timescales, changes in the mean state of regional and global
deep water circulation regimes both contribute to and are
diagnostic of different states in the evolution of Plio-
Pleistocene climate [Raymo et al., 1997].

[3] Past deep water circulation patterns may be recon-
structed using proxy measurements of chemical properties
characteristic of certain water masses. One such proxy is the
isotopic composition of carbon in benthic foraminiferal
calcite (613 Chenthic) Which reflects the isotopic composition
of dissolved inorganic carbon (§'°Cpyc) in the overlying
water mass. The §°Cpc of deep water depends on the
chemistry of the source region for that water mass and
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813 Chenmic Measurements can therefore be used to recon-
struct past water mass distributions. However, deep water
8"3Cpyc is also affected by whole ocean chemistry changes
on a range of timescales. On the glacial-interglacial time-
scale, fluctuations in the terrestrial biomass lead to mean
ocean 6">Cpyc changes [Crowley, 1995; Shackleton, 1977].
During the Middle Pleistocene Transition (MPT), 500—
1200 ka [Head and Gibbard, 2005], the dominant glacial-
interglacial periodicity changed from 41 kyr to 100 kyr
[Berger and Jansen, 1994; Maasch and Saltzman, 1990;
Mudelsee and Stattegger, 1997] and global mean ocean
83Cpic shows a ~500 kyr perturbation toward more
negative values [Raymo et al., 1997].

[4] The deep open Pacific Ocean is the largest reservoir of
dissolved inorganic carbon on the planet and Pleistocene
records of deep equatorial Pacific 8" Chenthic show the
lowest amplitude of glacial-interglacial variability of any
major ocean basin [Raymo et al., 1997]. This variability is
close to estimates of the mean ocean glacial-interglacial
8"3Cpic change [Crowley, 1995]. In the modern open
Pacific circulation regime, all deep water originates from
the Southern Ocean as there is no ventilation of deep waters
anywhere in the open Pacific itself. However, reconstruc-
tions of Pacific-wide 8'°Cpjc distributions at the Last
Glacial Maximum (LGM) suggest that a very different
circulation regime may have been active, possibly involving
the ventilation of deep waters in the North Pacific [Curry et
al., 1988; Keigwin, 1998] and/or radical changes in South-
ern Ocean deep water formation and circulation [Hodell et
al., 2003; Michel et al., 1995; Ninnemann and Charles,
2002]. In the modern Southern Ocean, the Antarctic Cir-
cumpolar Current effectively homogenizes deep waters
down to the seafloor, but at the LGM reconstructions
suggest that enhanced vertical 8 Cpic gradients existed in
the region [Hodell et al., 2003]. Such an increase in the
stratification of the deep Southern Ocean is potentially an
important mechanism in lowering glacial stage pCO,
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Figure 1. (left) Map of Pacific Ocean region with core locations mentioned in text. (right) Bathymetric
map of the SWSP region with the location of cores MD06-3018, ODP 1123, and ODP 806B.
Bathymetry from WOCE Ocean Atlas [Talley, 2007; WOCE, 2002] viewed in Ocean Data View software
(R. Schlitzer, Ocean Data View, 2007, available at http://odv.awi.de). Arrows indicate dominant
directions of bottom water flow, adapted from Sokolov and Rintoul [2000]. Lettered arrows refer to flow
paths described in text. NCT, New Caledonia Trough; NHB, New Hebrides Basin; SFB, South Fiji Basin;
CS, Coral Sea; DWBC, Deep Western Boundary Current.

[Hodell et al., 2003; Sigman and Boyle, 2000; Toggweiler,
1999].

[5] The southwest subtropical Pacific (SWSP), taken here
as consisting of the Coral Sea, the Solomon Sea, the New
Hebrides Basin, the New Caledonia Trough, and the South
Fiji Basin is bounded to the north and east by the basins of
the open Pacific Ocean and to the south by the Tasman Sea
which opens in turn into the Southern Ocean. In the modern
deep water circulation regime, water masses from the
Central Pacific Basin, Tasman Sea, and Southwest Pacific
Basin all enter the SWSP region (Figure 1) leading to a deep
water mixing regime sensitive to the chemistry of both open
Pacific Ocean and Tasman Sea deep waters [ Tsimplis et al.,
1998; Warren et al., 1994; Wyrtki, 1961].

[6] The present study evaluates how the SWSP deep
water mixing regime has evolved across the middle-late
Pleistocene, specifically whether it is variable between
glacial and interglacial stages and whether it persists across
the climatic shift of the MPT. It is first demonstrated that the
modern 6"Cp;c chemistry of SWSP deep waters is consis-
tent with the modern mixing regime. A ¢ 13 Chenthic Tecord
from a recently obtained sediment core located at 2470 m
depth in the New Caledonia Trough, in comparison with
other regional records, is then used to reconstruct the
relative influences of open Pacific Ocean and Tasman Sea

deep waters on the mixing regime. Reconstruction of the
mixing regime allows constraints to be placed on past deep
water chemical gradients between the different regions of
the Southern Ocean from which the Tasman Sea and open
Pacific Ocean deep waters originate.

2. Materials and Methods
2.1. Core Location

[7] Deep sea sediment core MD06—3018 was recovered
from 2470 m water depth on the eastern side of the New
Caledonia Trough (NCT), ~60 km offshore of the island of
New Caledonia (Figure 1 and Table 1) during cruise
AUSFAIR/ZoNéCo12 on board the R.V. Marion Dufresne
[Foucher et al., 2006]. The core is 24.5 m long and
composed entirely of foraminifera-rich calcareous ooze.
The NCT is one of a series of broadly NW-SE trending
basins in the SWSP region [Lafoy et al., 2005; Pelletier,
2006], lying between the Lord Howe Rise to the west and
the Norfolk Ridge to the east. It is open to a sill depth of
~3000 m into the New Hebrides Basin to the north, attains
its deepest depths near to New Caledonia itself (~3600 m)
and shallows to the south as it approaches New Zealand
[Lafoy et al., 2005; Wyrtki, 1961].
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Core Latitude Longitude Water Depth Taxa Used for 6">Cyenmic Measurements References
MD06-3018 23°00'S 166°09'E 2470 m Cibicides wuellerstorfi Present study
ODP 1123 41°47'S 171°20'W 3290 m Uvigerina spp Hall et al. [2001] Harris [2002]
ODP 806B 0°19'N 159°22'E 2520 m Cibicides wuellerstorfi Bickert et al. [1993]
ODP 849 0°11'N 110°31'W 3840 m Cibicides wuellerstorfi and Uvigerina spp Mix et al. [1995]
MD97-2106 45°09'S 146°17'E 3310 m Cibicides spp Moy et al. [2006]

2.2. Modern Deep Water Circulation and Mixing in
the SWSP

[8] At surface and intermediate water depths, the SWSP
forms an integral part of the South Pacific gyre system.
Surface waters in the NCT are influenced both by the South
Equatorial Current and the East Australian Current which
transports warm waters from the Western Pacific Warm Pool
region southward to the Tasman Front [Bostock et al., 2006;
Ridgway and Dunn, 2003]. Predominantly westward flow-
ing Antarctic Intermediate Water (AAIW) enters the region
both to the north and south of New Caledonia [Gourdeau et
al., 2008]. Below the depths of AAIW, however, the
bathymetry of the region means that deep water exchange
with the larger adjacent basins of the Tasman Sea and the
open Pacific Ocean is restricted.

[¢] The Southern Ocean is the source of all modern deep
waters in both the open Pacific Ocean and the Tasman
Sea. These deep waters enter the open Pacific Ocean
principally via the Deep Western Boundary Current
(DWBC) in the Southwest Pacific Basin [Whitworth et
al., 1999] (Figure 1). The deep water entering both the
Pacific DWBC and the southern Tasman Sea consists of
Lower Circumpolar Deep water (LCDW) overlain by
Upper Circumpolar Deep Water (UCDW). LCDW is
characterized by salinities of 34.71-34.73 psu and dis-
solved oxygen concentrations of ~200 pymol/kg. It may be
subdivided into upper LCDW (uLCDW), characterized
by a salinity maximum related to the presence of relict
North Atlantic Deep Water [Gordon, 1975; Warren, 1981,
Wijffels et al., 2001] and lower LCDW (ILCDW) which
consists of Southern Ocean origin deep and bottom waters
[Rintoul, 1998]. The northward flow of LCDW is kept
balanced on a Pacific-wide scale by the net southward
return flow at depths of 1500—-3000 m of chemically aged
North Pacific Deep Water (NPDW) which is characterized
by salinities of 34.65-34.66 psu and dissolved oxygen
concentrations of <150 pmol/kg [Reid, 1997]. UCDW has
similar properties to NPDW as it consists of recirculated
NPDW and Indian Ocean deep waters that have been
entrained into the DWBC [Gordon, 1975; McCave et al.,
2008].

[10] Deep waters below ~2000 m in the NCT are net
southward flowing and originate in the New Hebrides Basin
[Reid, 1997; Tsimplis et al., 1998; Wyrtki, 1961] (Figure 1).
They are characterized at 2500 m depth by salinities of
~34.68 psu and dissolved oxygen concentrations of
~160 pmol/kg (Figure 2¢, station P06—215). The dominant
modern deep water inflow to the New Hebrides Basin is
from the Central Pacific Basin (Figure 1, arrow A) to which
it is open down to 3000 m [Sokolov and Rintoul, 2000;
Wijffels et al., 2001]. Central Pacific Basin deep waters in
the depth range 2000—3000 m are characterized by salinities

of 34.65-34.66 psu and dissolved oxygen concentrations
of 130—140 pmol/kg, consistent with a UCDW/NPDW
origin (Figure 2¢). The NCT deep water properties are too
chemically young and too saline to be explained purely from
an open Pacific Ocean source. Instead, NCT deep waters
represent the product of a mixing regime between deep
waters from the open Pacific Ocean and the Tasman Sea
(Figure 1, arrow B), as first described by Wyrtki [1961].
The Tasman Sea inflow occurs over a sill depth at 2850 m
into the Coral Sea [Wijffels et al., 2001] and is poorly
constrained volumetrically, having been estimated as both
0.05 Sv [Wyrtki, 1961] and 3.0 Sv [Sokolov and Rintoul,
2000]. The contact between UCDW/NPDW and uLCDW
is substantially shallower in the Tasman Sea than in the
DWBC region (Figure 2¢). This means that the deep waters
entering the SWSP from the Tasman Sea at ~2500 m depth
lie close to the core of the Tasman Sea uLCDW with
salinities of ~34.72 psu dissolved oxygen concentrations
of ~180 pumol/kg (Figure 2c, station P06—234). The influ-
ence of the chemically younger and more saline Tasman Sea
deep water declines eastward across the SWSP region but
remains detectable in the New Hebrides Basin and the NCT
[Wyrtki, 1961].

[11] Subsequent conservative tracer work as part of the
SCORPIO and WOCE projects [Sokolov and Rintoul, 2000;
Tsimplis et al., 1998; Warren, 1973; Wijffels et al., 2001] has
not changed this basic picture although the South Fiji
Basin has been shown to receive a small (~0.2 Sv) inflow
(Figure 1, arrow C) of DWBC water directly from the
Southwest Pacific Basin over a sill depth of less than
2500 m [Warren et al., 1994].

2.3. Modern Deep Water Mass 6]3CDIC in the SWSP

[12] Deep water masses may potentially be characterized
by their §'°Cpyc signatures due to variations in the isotopic
composition of the source regions for the deep waters and
the general inverse relationship between §'*Cpyc and nutri-
ent concentrations [Charles and Fairbanks, 1992; Duplessy
et al., 1988; Kroopnick, 1985]. Comparison of modern
8"3Cpyc, dissolved oxygen and salinity measurements from
WOCE stations in the SWSP region demonstrates that the
same deep water masses definable on the basis of the
conservative tracers are also visible in the corresponding
8"3Cpyc profiles gFigure 2c¢).

[13] Modern §"*Cpyc values at 2500 m depth in the NCT
(station PO6—215) are 0.25%o, with an analytical reproduc-
ibility of £0.03%o. These are similar to the values of 0.23%o
seen at the same depth and latitude in the Southwest
Pacific Basin (station P06—168). The direct deep water
inflow from the Southwest Pacific Basin into the SWSP
(Figure 1, arrow C) cannot account for this similarity as it
occurs over a sill depth shallower than 2500 m [Warren et
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Figure 2. (a) Dissolved [O,] section across the SWSP region along WOCE PO6W section line. The
longitudinal positions and water depths of MD06—3018 and ODP 1123 are shown although both core
sites are off the section line. (b) Location of WOCE P06W section line (bold line) and WOCE stations
(white stars) referred to in the text in relation to the dommant deep water pathways. (c) Dissolved [O,]
(solid black lines), salinity (solid gray lines), and §'*Cp;c (dotted lines) profiles from the Tasman Sea
(station P06—234), New Caledonia Trough (station P06—215), and the Southwest Pacific Basin (station
P06—168). The main intermediate and deep water masses as seen in [O,] and salinity are highlighted.
AAIW, Antarctic Intermediate Water; NPDW, North Pacific Deep Water; UCDW, Upper Circumpolar
Deep Water; uLCDW, upper Lower Circumpolar Deep Water; ILCDW lower Lower Circumpolar Deep
Water. (d) Scatterplot and mixing line plot of sallmty against 6'>Cp;c at 2500 + 100 m depth for WOCE
PO6W, P14S, and P15S stations with available §'*Cp;c measurements. The line represents a two end-
member mixing regime of central Pacific Basin and Tasman Seawater. CTD and bottle data from the
WOCE Pacific Ocean Atlas [Johnson et al., 2001; Key et al., 2004; McTaggart et al., 1994; McTaggart
and Johnson, 1997; Talley, 2007; Tsimplis et al., 1998; Wijffels et al., 2001; WOCE, 2002] viewed in

Ocean Data View software (R. Schlitzer, Ocean Data View, 2007, available at http://odv.awi.de).

al., 1994]. Instead, the dominant inflow from the open
Pacific occurs through the Central Pacific Basin (Figure 1,
arrow A). Deep water at 2500 m depth in the Southwest
Pacific and Central Pacific Basins becomes progressively
lighter in 6"°Cpic toward the equator due principally to
the increasing relative influence of NPDW over UCDW
(Figure 2d). The values of 0.12%o seen in the southern
Central Pacific Basin (station P14—165) are significantly
lighter than those seen in the NCT Thus, as with the
conservative tracers, the NCT ! CD]C values cannot be
explained from a purely open Pacific deep water source.
[14] The positive NCT deep water §'*Cpyc values do not
arise from vertical mixing with AAIW ((513CDIC ~1%o) as

there is no evidence for downward penetration of the AAIW
salinity minima to depths of 2500 m at station PO6—215.
However, modern §'*Cp;c values in northern Tasman Sea
deep waters at 2500 m are 0.42%o (station P06—234)
sufficiently positive to provide a viable second end-member
to the deep water mixing regime.

15] The regional mixing relationship derived from the
8" Cpyc values along the isopycnal corresponding to water
at 2500 m depth in the NCT is consistent with that seen for
the corresponding salinities (Figure 2d) This suggests that
proxy records of past deep water 6'°Cpic may be used to
reconstruct the regional mixing regime. Using this simple
model, modern NCT deep waters are seen to be a roughly
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Figure 3. Plot of (a) §'*Opentic (gray line is 250 cm linear smoothed mean value), (b) 6'>Cpenthic (gray

line is 250 cm linear smoothed mean value), and

(c) principal component of ChRM Inclination from

MDO06-3018 against depth. The positions of identified magnetic reversals and events are highlighted
with light gray boxes representing periods of normal polarity. The dark gray box at 755—840 cm depth

highlights a period of disturbed sedimentation.

2:1 admixture of Central Pacific Basin UCDW/NPDW and
Tasman Sea uLCDW.

2.4. Stable Isotope Measurements

[16] Core MD06—-3018 was sampled at 10 cm intervals
for core depths 0—1800 cm and 5 cm intervals for 1800—
2490 cm. Samples were wet sieved and the >150 pum
fraction collected and dried for subsequent analysis. Mono-
specific samples of the epibenthic foraminifera Cibicides
wuellerstorfi (3—6 individuals from the >315 pm size
fraction) were picked under the microscope and subse-
quently placed for 5 s in an ultrasonic bath with methanol.
Samples were analyzed with a Thermo Electron Delta+ Mass
Spectrometer with Kiel Preparation Device in the School of
Geosciences, University of Edinburgh for 6'*0 and §'°C.
Long-term accuracy (against an internal standard calibrated
to NBS19) of the device (May 2006 to October 2008) was
lo = 0.09%0 for 6'%0 and 0.08%. for §'3C. Replicate
analyses (3 <n < 6) were performed at six intervals down-
core, the one standard deviation measurement reproducibil-
ity (0,,,) was always better than 0.13%o for §'*0 and 0.16%o
for §'°C. C. wuellerstorfi §'%0 values are corrected by the
standard +0.64%o to account for disequilibrium with the
surrounding seawater [Shackleton and Opdyke, 1973]. All
isotopic values are quoted relative to VPDB.

2.5. Magnetic Measurements

[17] Measurements of Natural Remnant Magnetization
(NRM) were made on u-channel samples taken in the

central part of the half core. The measurements were
performed in the shielded room at the Laboratoire des
Sciences du Climat et de I’Environnement (LSCE) using
the 2G-pass-through cryogenic magnetometer equipped
with high-resolution coils. Measurements were taken every
2 cm with a resolution of 4 cm inducing a slight smoothing
of the signal. The data from the extreme 3 cm at the ends of
each core section are not presented due to edge effects. The
NRM was stepwise demagnetized at 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 60, and 80 mT. The Characteristic Remnant
magnetization (ChRM) was then determined using principal
component analysis [Mazaud, 2005]. Nine steps out of
thirteen have been taken into account to define the ChRM
with mean angular deviations ranging between 5° and 10°
(a few horizons reach 20°).

3. Results
3.1. Stable Isotopes

[18] The 6" Openmic record (Figure 3a) shows a succession
of well-defined cycles on the 50—250 cm scale with average
amplitude of 1.2%o in the section 0—1100 cm and ampli-
tudes in the range 0.5—0.7%o below 1100 cm. The running
mean value (250 cm linear smoothing using a boxcar
method) of §'®Openmic is in the range 4.15 + 0.15%o across
the length of the record.

[19] The &' 3Chenthic Tecord (Figure 3b) shows variability
on the 50—-250 cm scale with average amplitude of 0.8%o in
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Figure 4. (a) Comparison of §'®*Openthic from LR04 and MD06—3018 used in development of tuned age

model. (b) LR04 age model. Crosses represent the four identified magnetic tie points (B-M, Bruhnes-
Matuyama; UJ, Upper Jaramillo; LJ, Lower Jaramillo; CM, Centre Cobb Mountain Event) and the last
appearance (LAP) of G. ruber (pink). Gap in the age model arises from the interval of disturbed

sedimentation at 740—855 cm.

the section 0—1250 cm and average amplitude of 0.5%o
below 1250 cm. The running mean value (250 cm linear
smoothing using a boxcar method) of §'>Cpenmic is in the
range 0.25 + 0.15%o across the sections 0—1250 cm and
1800—-2450 cm but undergoes a negative perturbation
toward a minimum value of 0.0%o during the intervening
section.

3.2. Magnetic Measurements

[20] The ChRM Inclination record (Figure 3c) shows a
series of reversals between positive (reversed polarity) and
negative (normal polarity) inclination. The section between
the core top and 1500 cm has consistently negative incli-
nation and corresponds to the Bruhnes Chron followed by a
period of overall positive inclination corresponding to the
Matuyama Chron. Within the Matuyama Chron, the begin-
ning and end of the Jaramillo reversal and the midpoint of
the shorter Cobb Mountain reversal are identified [Laj and
Channell, 2007].

3.3. Age Model

[21] An age model for MD06—3018 was developed based
on both the magnetic stratigraphy (Figure 3c) and orbital
tuning of the 8" 0penmic record with the LR04 stack
[Lisiecki and Raymo, 2005] (Figure 4) using the Analyseries
software package [Paillard et al., 1996]. The magnetic
boundary dates used are those of the ODP677 calibration
[Cande and Kent, 1995; Shackleton et al., 1990]. The
orbital age model yields average sedimentation rates of
25 mm/ka in the section 0—740 cm and 15 mm/ka in the
section 855—-2450 cm. The magnetic tie points are highly
consistent with the orbital age model (Figure 4). An
additional tie point at 280 cm based on the disappearance
of Globigerinoides ruber (pink) from the Pacific at 120 ka

[Thompson et al., 1979] is also in close agreement with the
orbital model.

[22] The interval 740—855 cm shows signs of enhanced
vertical mixing in the physical properties of the core, the
presence of shallow-water benthic foraminifera taxa, per-
turbations to the ChRM Inclination record and a lack of
reproducibility in the §'®Openmic measurements (Figure 3).
The data from this interval is likely to be contaminated with
downslope signals and is excluded from the development of
the core age model (Figure 4). The section below 2230 cm
also shows high variability in the ChRM Inclination record
not associable with any known magnetic event but without
additional accompanying evidence of sediment disturbance,
leading to a reduction in age model confidence below
2230 cm (1.36 Ma).

[23] The sampling resolution based on the orbital age
model is always better than 6 kyr and each 1 cm sample
thickness represents time averaging of 450—600 years.
When plotted against the core age model the §"*Opentnic
data (Figure 5a) allows the identification of marine isotope
stages (MIS) as far back as MIS 51, the core bottom being at
1.54 Ma. The shift in dominant glacial-interglacial frequency
during the MPT is evident in both the §'®*Openmic and
83 Chenthic Tecords when plotted against the age model
(Figure 5) and occurs over the same interval as the negative
perturbation in mean value seen in the 8" Chenthic record.

4. Discussion
4.1. Does 6"Cpenmic at Site MD06—3018 Record
0"Cpic?

[24] The 6" Cpenthic of C. wuellerstorfi is widely held to

be a reliable direct recorder of bottom water §'*Cpy;c [Curry
and Lohmann, 1982; Duplessy et al., 1984; McCorkle and
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Figure 5. MDO06—3018 (a) §'®*Openmic With numbers referring to selected interglacial marine isotope
stages and (b) 6 BChenthic plotted against the core age model. MPT interval is marked with light shading as
500—1200 ka, using the generalized boundary dates of Head and Gibbard [2005].

Keigwin, 1994; Shackleton and Opdyke, 1973]. The absence
of a well-preserved core top in MD06—-3018 means that
direct verification of this relationship at the core site is not
possible. An average of four 8" Chenthic measurements with
age model values in the range 0—5 ka yields a late Holocene
value of 0.56 + oggyv = 0.08%o (standard error on the mean,
OsEM = Om/+/n) an offset of +0.31 + o 4;ir= 0.09%o (standard
error on difference, ogier = \/(0% + 0%)) from the nearest
o3 Cpic measurement at WOCE station P06—215. Apparent
offsets of similar magnitude have been described in other
Southwest Pacific cores [McCave et al., 2008]. However, in
all these cases, in the absence of both core top material and
more local §'*Cp;c measurements, there is no clear basis for
the application of a downcore offset.

[25] Two effects that have been documented to lead to a
breakdown in the §”Cpic to 6 Crentic relationship are
carbonate dissolution and productivity overprints. The core
site of MD06—3018 is not affected significantly by disso-
lution as it is situated ~600 m above the modern lysocline
depth in the NCT [Martinez, 1994]. 6" Chenthic measured in
C. wuellerstorfi in modern or past environments with high
overlying productivity has been shown to yield considerable
negative excursions from 6'>Cp;c [Mackensen et al., 1993]
While the SWSP is a fairly oligotrophic region there is
an upwelling zone along the axis of the western New
Caledonia barrier reef which stimulates significant varia-
tions in seasonal productivity [Alory et al., 2006; Henin and
Cresswell, 2005]. However, the core location of MD06—
3018 is 60 km seaward of the reef and therefore unlikely to
experience strong upwelling fluxes. The reproducibility of
the 6"Cpenmic data is similar to that for ¢'®*Opentic, thus
there is no empirical evidence for local phytodetrital effects

[Mackensen et al., 1993]. 6"Cpenmic in MD06—3018 is
considered to provide a reliable record of past deep water
8"Cprc variability at 2500 m depth in the NCT. However,
the term §'°C is used to distinguish inferences made about
past §"*Cpyc based on 8'>Cpenmic measurements from direct
measurements of §'>Cpc.

4.2. Glacial-Interglacial Variability in the Regional
Deep Water Mixing Regime

[26] In the modern circulation regime, UCDW/NPDW
from the Central Pacific Basin provides the dominant
influence on the SWSP deep water mixing regime. The
ultimate source of the majority of both the UCDW and
NPDW in the open Pacific is the DWBC. All DWBC origin
deep water should be isotopically lighter than that found in
the DWBC itself because the longer a deep water mass
remains out of contact with the surface ocean and atmo-
sphere, the more isotopically depleted its §"*Cp;c signature
becomes due to the “aging effect.”” This effect arises
through the progressive addition of remineralized organic
carbon from the overlying water column and will vary in
strength according to variations in both deep water flow rate
and productivity regime. One constraint on the mixing
regime independent of past changes in these factors is that
when the difference in 6'°C values at ~2500 m depth
between the deep waters of the NCT and the DWBC
(A613CNCT_DWBC) is >0%o, the NCT §*C signal cannot
be explained entirely from a DWBC origin. In the modern
regime, where both the aging effect and the relative influ-
ence of DWBC origin water can be quantified, the value of
A§BCnerpwse from 6°Cpjc measurements is +0.02 +
ogift = 0.04%o (Table 2). The positive value reflects the
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Table 2. Terms Used in the Comparison of Regional 6'>C Records®

Student’s 7 test

Two-Tailed
p Value for
Interglacial-Glacial

Difference

in Average
Interglacial-Glacial

Average Glacial

Average Interglacial

Late Holocene

Difference

Stage Values (%o)
—056, +04ier = 0.05

35 (%)

Stage Value,
n

Stage Value,
n =39 (%o)

(0-5 ka)
Value (%o)

—0.20; 04

Modern
A8"Cpic (%o)

Definition

Term

p < 0.0001

0.04; 0 = 0.24

+0.48; +ospm

=0.04; 0 =0.20

—008, +0sEM

=0.11

0.04

—0.17; £04ifr

AS"Cypos.oppiizs  Difference in 6'>C between

core sites of MD06-3018

and ODP 1123
Difference in §'>C between

p < 0.0001

0.05

=0.04; 0 =024 >—-0.56; £0 4

=0.11 >-0.08; fosgm = 0.04; 0 = 0.20 >+0.48; £ospm

0.04 >-0.20; +oqis

+0.02; £04if

13
A CNCT~DWBC
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2500m in the NCT

and the DWBC
Difference in §'°C between
core sites of MD06-3018

0.16

p=

0.03

+0.04; +o 4

=0.04; 0 =0.15

+0.33; +0sgm

0.04; 0 = 0.11

+0.37; +OsEM

0.12

+0.40; *o 4 =

0.04

+0.25; +04irr

°13
Ad CMD06-0D1’849

and ODP 849

Difference in §'>C
between 2500m in the NCT

p < 0.0001

0.04

0.04; 0 = 0.14 >—0.38; £o4isr

0.04; 0 = 0.19 >+0.29; +05Em

=0.11 >—0.09; +OSsEM =

0.04 >-0.20; togifr

+0.13; £04ifr

c13
Ad CNCT—CPBDW

Pacific Basin
*The WOCE stations used for calculating A§'*Cp;c values are P06—215 (for MD06—3018 and NCT), P06—168 (for ODP 1123 and DWBC), P18—163 (for ODP 849) and P14—165 (for CPBDW). The late

Holocene A8">Cpenmic terms are calculated from the difference of the averages of all available, unsmoothed data in the 0—5 ka age range. Where > symbols are used, this indicates the use of A8 Chenhic as an
estimate of the minimum value of A§'>C. The “n” values for the average interglacial and glacial columns refer to the number of data points used in each case. The error terms are defined in the text.

and the Central
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known Tasman Sea deep water influence but is within one
standard deviation of zero, consistent with the known
dominance of DWBC waters. To test whether this
dominance persisted in the past, the MD06-3018
8" Cpenthic Tecord is compared to another record of similar
age range from underneath the DWBC.

[27] ODP Site 1123 is located on the North Chatham Drift in
the Southwest Pacific Basin at 3290 m depth [Hall et al., 2001]
(Figure 1 and Table 1). Before using the ODP 1123 §"*Cpenthic
record to evaluate A§">*Cncrpwec over the past 1.1 Ma it is
first necessary to evaluate the assumptions involved in the
comparison of the two records. The original age model for
ODP 1123 is based on the SPECMAP timescale [Imbrie and
Imbrie, 1980] and has been adjusted to that of MD06—-3018
using the 6"®Openmic records (Figure 6a) over the past 1.1 Ma.
The sedimentation rate seen at the site of ODP 1123 is
approximately twice that seen at MD06—-3018, leading to a
higher temporal sampling resolution and a reduced relative
effect of bioturbation on the glacial-interglacial amplitudes in
8" 0penthic and 8> Cpenmic at ODP 1123, In order to directly
compare the stable isotope records, all records are smoothed to
a 5 kyr resolution using linear interpolation around a moving
average. The uncertainty in the age model correlation is
dominated by this smoothing timescale.

[28] The ODP 1123 83 Chenthic Measurements were
made on infaunal Uvigerina taxa rather than the epibenthic
C. wuellerstorfi. Due to their differing habitats the two
groups may respond differently to changes in overlying
productivity and organic carbon accumulation [Zahn et al.,
1986]. Furthermore, frontal movement on the glacial-inter-
glacial timescale in the Southwest Pacific Basin have been
shown to lead to significant variability in productivity at the
site of ODP 1123 [Crundwell et al., 2008]. Thus, we follow
a transfer function method based on Uvigerina 6 ®0penthic 0
convert Uvigerina 8" Chenthic Measurements to Cibicides-
equivalent rather than simply applying a constant offset
[McCave et al., 2008]. The transfer function is derived from
coupled Uvigerina and Cibicides measurements from an-
other core at similar latitude to ODP 1123 in the Southwest
Pacific Basin [McCave et al., 2008]. This approach gen-
erates more positive interglacial than glacial offsets between
the two groups in response to the regional productivity
changes. The late Holocene (0—5 ka) average Cibicides-
equivalent §"Cpenmic value (n = 5) using the transfer
function is 0.76 £ oggm = 0.07%o, an apparent offset of
+0.34 £ ogigr = 0.08%0 from 6'°Cpyc at 3300 m at WOCE
station PO6—168. The errors calculated here assume the
same reproducibility error on individual 83 Chenthic Mea-
surements as in MD06-3018 (o, = 0.16%0). The late
Holocene offset from modern 6'°Cpyc is similar to that
found for MD06-3018, suggesting that variability in the
8Cpic gradient between the two sites may be recon-
structed with greater confidence than the absolute value at
either site alone.

[29] ODP 1123 is situated at ~800 m greater water depth
than MD06—-3018 (Figure 2). Although this means that ODP
1123 is closer to the modern regional lysocline depth than
MDO06-3018, shoaling of the lysocline to the depth of the
ODP 1123 core site does not seem to have occurred over the
past 1.2 Ma and glacial-interglacial differences in carbonate
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Figure 6. (a) Comparison of MD06—3018 &'®Openmic data with that from ODP 1123 to demonstrate
adjustment of the age model to that of MD06—-3018. The period from 1100 ka to the end of the record for
ODP 1123 is not shown because of the difficulties in matching the age models in this interval. Numbers
refer to selected glacial rnarme isotope stages. (b) Comparison of MD06—-3018 83 Chenmic data with that
from ODP 1123. (¢) A8 Cumpos_oppii23 and its 100 kyr moving average (black line) with 95%

confidence intervals (gray lines).

dissolution are very small [Crundwell et al., 2008]. The
depth difference between the two cores does mean that the
difference in 6" Cpenmic values (A(SBCMDOG,ODPHB) can-
not be used as a direct proxy for past A8 Crnerpwae
unless the vertical gradient of §'°C in the DWBC region is
also known. Depth transect studies in the region have shown
that the §'*C values at 2500 m remain more negative than
those at 3300 m over the past two glacial cycles [McCave et
al., 2008]. If it is assumed that this relatlonshlp holds
across the past 1.1 Ma then the value of AS! CMD06 ODP1123
provides an estimate of the mlmmum value of A8 Cncrpwae
(Table 2). The criterion A8">Cypos_opp1123 >0%o therefore
provides an even more conservative estimate of when the
influence of non-DWBC origin deep water on the mixing
regime is required.

[30] Over the past 1.1 Ma the A6]3CMD06—ODP1123 record
shows 10—100 kyr variability with amplitude of ~1%o
around a long-term mean value of 0.27%. (Figure 6c¢).
Given the errors arising from the alignment of the core
age models and subsequent data smoothing, any given

A8 Cumpos_oppi123 value cannot be deemed diagnostic
of conditions in that 5 kyr interval. However, the more
positive excursions are seen to generally correspond with
glacial periods and the more negative excursions with
interglacial periods (Figure 7a). The average value of all
the “interglacial” data points over the past 1.1 Ma, defined
as those for which the corresponding MD06-3018
8" Openmic data point lies within +5 kyr of an interglacial
1) 8Obcnthlc minimum and excluding those falling during
a glacial termination, is —0.08 + oggy = 0.04%0 with a
one standard deviation spread on the data (o) of 0.20%o
(Figure 7a and Table 2). The average value of the “glacial”
pomts is 0.48 = osgm = 0.04%0 with o = 0.24%o0. The
A8 Cumpbos_oppi123 data points constitute a broadly nor-
mally distributed population and thus, while the values of
individual data points cannot be robustly compared, an
unpaired student ¢ test may be used to statistically determine
whether the averaged interglacial and glacial stage values
differ at a given confidence level. At the 95% confidence
level (20), the p value for such a test is <0.0001, demon-
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Figure 7. (a) A8 Cpentic and Ad'®Openmic data for the MD06—3018 and ODP 1123 comparison. Data
points are grouped by interglacial, glacial, or other stage (see text for deﬁnltlon used) and the average
values for the interglacial, glacial, and complete data sets are shown. (b) A§' Cbemhlc and A8 Openmic data
for the MD06-3018 and ODP 849 ComparlSOIl (C) Aé CMDO6 OoD1123 and A(S CMD06 ODP849 plOtted
together to show the development of the composite minimum value estimate to Ad BCnercrepw: The

100 kyr moving average of the composite estimate
(gray lines).

strating that there is significant statistical difference in the
average interglacial and glacial stage A6"Cyvpos_opp1123
gradients.

[31] The same exercise performed for the
A" Onpos_oppi123 values demonstrates an average inter-
glacial value of 0.10 £ oggpy = 0.03%0 with o = 0.18%o0 and
an average glacial value of —0.05 £ oggy = 0.03%0 with o =
0.16%0 (Figure 7a). The offset between and nonzero value
of the interglacial and glacial stage averages arises princi-
pally from the differential effects bioturbation in the two
cores. The slower sedimentation rate at MD06—3018 leads
to an average glacial-interglacial 5" 0penthic amplitude
which is ~90% of that at ODP 1123. This effect, while
statistically significant (p = 0.002 at the 95% confidence
interval) in itself, cannot account for the significance of
the Aél Cwmpos_oprpi123 offset. The interglacial-glacial
A" Onpos_oppi123 Offset as a proportion of the glacial-
interglacial variability in the ODP 1123 record is only ~10%
whereas for A&ISCMD(M, ODP1123 it is ~50%.

is shown (black line) with 95% confidence intervals

[32] The late Holocene value of A§"*Cypos_oppi123 does
not significantly differ (at the 1o level) from the average
1ntergla01al stage value (Table 2). If it is assumed that the
vertical 6"°C proﬁle deep water flow rate and overlying
productivity regime in the DWBC and SWSP were similar
to the modern during past interglacial stages then it follows
that the modern mixing regime, in which DWBC origin
deep waters dominate but a small influence from Tasman
Sea deep waters also exists, is representative of average
interglacial conditions over the past 1.1 Ma. If these
assumptions are not made, then at the minimum estimate,
under average interglacial conditions NCT §'°C can be
explained entirely from a DWBC origin. The same assump-
tions are definitely not justiﬁed under glacial conditions.
However, even at the minimum estimate, the average glacial
stage A8 Crmpos_obpi123 value is significantly more pos-
itive than not only the average interglacial stage value but
also the modern A§"*Cnerpwse value. Thus, during gla-
cial conditions the influence on the SWSP mixing regime
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required from a water mass chemically younger than that
found at 2500 m in the DWBC was significantly enhanced
compared to both the modern regime and likely past
interglacial conditions. This could arise from the enhanced
relative influence of glacial Tasman Sea deep waters (af-
fecting arrow B on Figure 1) and/or the presence of an
additional chemically younger water mass in the glacial
Central Pacific Basin (affecting arrow A on Figure 1).
4.2.1. Glacial Decoupling of DWBC to Central Pacific
Basin Deep Waters

[33] The 6"Cpentic gradient between ODP 1123 and ODP
849 [Mix et al., 1995] from 3840 m water depth on the East
Pacific Rise (Figure 1 and Table 1) decreases significantly
(and even reverses in certain stages) during past glacials
[Hall et al., 2001]. This means that the §'*C of glacial deep
waters in the equatorial Pacific can no longer be readily
explained simply as more chemically aged DWBC waters
[McCave et al., 2008]. One hypothesis to explain this
change is the presence of a chemically younger water mass
resulting from the ventilation of deep waters in the glacial
North Pacific [Keigwin, 1998; Matsumoto et al., 2001]. If
the chemical signature of such water penetrates far enough
south to influence the southern Central Pacific Basin and
enter the SWSP, it could potentially account for the very
positive glacial stage AS§BCrner_pwae values without any
need for changes in the relative influence from Tasman Sea
deep waters.

[34] To constrain the potential effect of such open
Pacific circulation changes on the SWSP mixing regime
it is assumed that the ¢'°C values of deep waters at
2500 m depth in the southern Central Pacific Basin
(6"Ccpppw) can always be explained from an admixture
of DWBC and equatorial Pacific deep waters at that
depth. The minimum relative contribution to the observed
NCT 6"C values required from nonopen Pacific deep
waters can then be evaluated from A8 Cncr crpw
rather than A8 Cncr pwsce. Considering the aging
effect, it follows that the chemistry of open Pacific Ocean
deep waters cannot account for all NCT 6'°C variability
in the case that A(SISCNCT,CPBDW > 0%o.

[35] ODP Site 806B [Berger et al., 1996; Bickert et al.,
1993] provides a record of 6 3Crenthic OVer the past ~750 ka
from the western equatorial Pacific at 2520 m depth (Figure 1
and Table 1). In the modern regime, the site of ODP 806B is
bathed by NPDW and should record the signature of any
glacial North Pacific origin deep waters that could possibly
reach further south into the SWSP. At equatorial latitudes in
the modern Pacific, the mixing of NPDW and CDW is
zonally homogenous [Reid, 1997] such that the longer
ODP 849 record from the deep eastern equatorial Pacific
allows the comparison to be extended back to 1500 ka.
Throughout the ODP 806B record the two equatorial
8" Chenthic Tecords are strongly correlated (Figure 8b) sug-
gesting that the depth difference between the sites does not
lead to a significant difference in isotopic composition. The
ODP 806B §'*Cpenmic measurements are made entirely on
C. wuellerstorfi and the ODP 849 ones predominantly so,
with some Uvigerina measurements that have been cor-
rected to Cibicides-equivalent using a constant offset. Both
records are compared directly to the MD06-3018
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8" Chenthic (Figure 8b) values after correlation of the age
models (Figure 8a). Sedimentation rates at both equatorial
sites are closer to that seen at MD06—3018 than was the
case for ODP 1123. Thus, the degree of glacial-interglacial
smoothing of 6"*Openthic and 8" Cpenmic values is similar
and the difference between the average interglacial and
glacial stage A&'*Ompos_oppsss values is less than
0.05%0 (Figure 7b).

[36] Across the past 1.1 Ma, the A8 Crpos_obpsas
record shows a long-term mean of 0.38%o and generally
lower-amplitude 10—100 kyr variability than that seen in
AénCMDOé,ODPI 123 (Figure 8c). The average interglacial
value over the past 1.1 Ma for A8"*Cyipos_oppsas is 0.37
osgm = 0.04%0 with o = 0.11%0 and the average glacial
value is 0.33 + oggm = 0.04%0 with o = 0.15%o (Figure 7b
and Table 2). These populations show no significant statis-
tical difference at the 95% level (p = 0.16) using the student
¢ test method. Thus, whereas the A8">Cympos_oppii23
record shows significant glacial-interglacial variability
caused by changes in deep water chemistry and/or circula-
tion, the uniformity of offset seen in the Ad B3 CMpos_onpsas
record suggests that the amplitude of glacial-interglacial
8'3C variability at both sites is dominated by global mean
ocean chemistry changes.

[37] The value of A§"Cncr_cprpw must lie between
those of A613CMD06—ODP849 and A613CMD06—ODP1123~ The
least positive possible estimate of AP Cnet_cppDW OVer
the past 1.1 Ma may thus be derived from a composite of
the two records (Figure 7¢). The average interglacial stage
value over the past 1.1 Ma for this minimum estimate to
A613CNCT7CPBDW is —0.09 + OSEM — 0.04%0 with o =
0.19%0 and the average glacial value is 0.29 + oggpym =
0.04%0 with o = 0.14%o (Table 2). At the 95% confidence
level (20), the p value for a student ¢ test of these two
populations is 0.006. Even when the potential ventilation of
North Pacific Deep Water is considered, it remains the case
that open Pacific deep waters can potentially explain NCT
8'3C values under interglacial conditions but cannot do so
under glacial conditions. The most plausible explanation is
that the relative influence on the mixing regime from
Tasman Sea deep waters was significantly enhanced during
glacial in comparison to interglacial stages.

4.2.2. Glacial Stage Deep Water Chemistry Gradients
in the Southwest Pacific

[38] Changes in either the relative fluxes or §"*Cpc
values associated with the Tasman Sea and open Pacific
Ocean inflows to the SWSP region could account for the
observed glacial-interglacial variability in the mixing re-
gime. Pleistocene reconstructions of DWBC flow strength
at site ODP 1123 have shown generally increased fluxes
during glacial stages [Hall et al., 2001]. This suggests that
the relatively reduced DWBC influence seen in the glacial
SWSP cannot be explained by flow rate changes in the
DWBC. In the absence of reconstructions for the past
inflow rates from the Tasman Sea it remains impossible to
quantitatively reconstruct the mixing regime. However,
given the assumption that NCT §'°C values arise from a
mixture of only open Pacific Ocean and Tasman Sea deep
waters, the MD06—3018 6"*Cpepmic record may be used to
place a constraint on the §'*C values of northern Tasman
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Figure 8. (a) Comparison of MD06—-3018 813 Chenthic data with that from ODP 806B and ODP 849 to
demonstrate adjustment of the age models to that of MD06—3018. (b) Comparison of MD06-3018
8" Chenthic data with that from ODP 806B and ODP 849. (¢) A8">Cumpos—_oppsas and its 100 kyr moving
average (black line) with 95% confidence intervals (gray lines).

Sea deep water at ~2500 m depth. In periods where some
influence from Tasman Sea deep water is required (those
during which the minimum value of A8"*Cner_cpepw 1S
>0%o) the §'°C value of this water mass must be more
positive than the corresponding MD06-3018 6"3Chenthic
value.

[39] During the last two glacial stages (the LGM and
MIS 6) in the DWBC region, isotopically depleted (6'°C
values of <—0.5%0) Southern Ocean sourced Glacial Upper
Circumpolar Deep Water (gUCDW) replaced NPDW/
UCDW as the dominant water mass in the “middle-depth”
range 2000-3500 m [McCave et al., 2008]. In contrast, the
MD06-3018 constraint on 6'°C at ~2500 m depth in the
northern Tasman Sea suggests average glacial stage 6'°C
values of >0.2%o. This suggests that the gUCDW present in
the DWBC region [McCave et al., 2008] was not present
as the dominant middle-depth water mass in the glacial
Tasman Sea.

[40] The modern §'*C—depth gradient across the range
2500—-3500 m in the Tasman Sea is close to zero (Figure 2c,
station P06—234). The MD97-2106 8"3Cpenthic Tecord from
3310 m water depth on the South Tasman Rise, where most

deep water enters the Tasman Sea from the Southern Ocean
(Figure 1 and Table 1), shows average values of —0.25%o
during the LGM and —0.40%0 during MIS 6 [Moy et al.,
2006]. These values are slightly more positive than those
seen in the glacial DWBC but still significantly more
negative than those predicted for 2500 m in the average
glacial stage northern Tasman Sea. Therefore, during at least
the past two glacial stages the §'*C—depth gradient in the
Tasman Sea became significantly negative, consistent with
the presence of a glacial stage chemocline at 2500—-3000 m
depth. In contrast, the glacial DWBC §'*C—depth gradient
retained the modern positive value over the same depth
range [McCave et al., 2008]. The future study of a Pleisto-
cene 6"°C record from ~2500 m depth in the northern
Tasman Sea will allow direct evaluation of this hypothesis.

[41] At depths below ~3500 m several deep hydrographic
zones with different characteristic §'>C signatures have
been proposed for glacial Southern Ocean bottom waters
[McCave et al., 2008; Ninnemann and Charles, 2002]. In
one scenario the bottom waters flowing into the southern
Atlantic sector are formed in the Weddell Sea, those
entering the open Pacific in the Ross Sea and those entering
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the Tasman Sea along the Adélie Coast [McCave et al.,
2008]. The SWSP mixing constraint additionally demon-
strates that the §'3C gradient between Tasman Sea and
DWBC waters at ~2500 m was significantly enhanced
during glacial over interglacial stages.

[42] The enhanced glacial stage spatial 6'°C gradient
could be explained if the isotopically enriched water of
North Atlantic origin which lies at or above the observed
glacial-stage chemocline at 2100—2700 m in the southern
Atlantic sector of the Southern Ocean [Hodell et al., 2003;
Ninnemann and Charles, 2002; Venz and Hodell, 2002] was
able to pass round the glacial Circumpolar Current and enter
the Tasman Sea but not the Pacific DWBC. Alternatively,
the middle-depth glacial Tasman Sea could be filled with
Southern Ocean sourced deep water, but this water mass
would be required to be isotopically enriched in relation to
the gUCDW seen in the DWBC. Therefore, in addition to the
previously described threefold zonation of glacial Southern
Ocean bottom waters [McCave et al., 2008], a strong spatial
chemical gradient existed between the overlying middle-
depth waters associated with the Adélie Coast and Ross Sea
bottom water domains but apparently not between those of
the Weddell Sea and Adélie Coast domains.

[43] The existence of strong vertical and spatial 6'°C
gradients in the deep glacial Southern Ocean has important
implications for the glacial-interglacial carbon cycle.
Reconstructions of the vertical deep water §'°C gradient
in the southern Atlantic sector of the Southern Ocean
resembles the variability seen in the Vostok atmospheric
pCO, record [Hodell et al., 2003]. This provides empirical
support to modeling studies suggesting that an enhanced
stratification of the glacial deep ocean can significantly
contribute to lowering atmospheric pCO, [Toggweiler,
1999]. However, the picture is made more complex as the
glacial Southern Ocean is increasingly seen to also show
strong spatial heterogeneity at all depths below ~2000 m.
Specifically, the glacial chemocline seen in the southern
Atlantic sector is shown to extend as far east as the Tasman
Sea, but not into the southern Pacific sector. This is
consistent with the presence of highly depleted glacial
813 Chenthic values seen in cores below ~2500 m depth being
restricted to the southern Atlantic and Indian Ocean sectors
[Hodell et al., 2003]. The absence of similar stratification in
the southern Pacific sector necessarily limits the volume of
deep water available for enhanced glacial storage of atmo-
spheric carbon in the deep Southern Ocean.

4.3. Middle-Late Pleistocene Evolution of Deep Water
Circulation and Mixing

44] As well as glacial-interglacial variability, all of the
8" Chrentnic records discussed here show a perturbation
toward more negative mean values during the period of
the MPT (Figures 6b and 8b). This perturbation is also
recorded in all other major ocean basins and has been
interpreted as a global shift in mean ocean §'°C [Raymo
et al., 1997]. In this global average, the perturbation con-
stitutes a decrease in mean ocean 6'>C of ~0.3%o during the
period 1000—900 ka followed by a more gradual return to
pre-1000 ka values by 400 ka [Raymo et al., 1997].
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[4s] To study the behavior of the SWSP deep water
mixing regime on these longer timescales the effect of
glacial-interglacial variability is removed by considering
the running mean value ﬁlOO kyr linear smoothing using a
boxcar method) of Aéd 3CNCT-CPBDW (Figure 7c). The
values of this minimum estimate are almost always positive
(at the 20 level), demonstrating that on this timescale there
is always a component of variability in SWSP deep water
8'3C that cannot be explained by the influence of open
Pacific Ocean deep waters alone. However, the value of
the running mean A8 Cner_cppw varies across the past
1.1 Ma, indicating long-term shifts in the mode of the deep
water circulation regime.

[46] In the period 500—0 ka the mean value for the
estimate of the minimum value of A8"*Cner. cppw Was
0.20%0, whereas during the period 1100—900 ka it was
0.24%o. In the intervening period, the mean value decreased
by 0.32%o during the interval 900—750 ka and then gener-
ally increased across the interval 750—500 ka during which
the mean value was 0.11%o. The spatial gradient between
deep waters entering the Pacific DWBC and Tasman Sea
from the Southern Ocean was, therefore, decreased during
the period 900—500 ka, coincident with the main part of the
global mean ocean 6'°C perturbation across the MPT.

[47] The MPT is associated with generally weaker global
deep water exchange [Schmieder et al., 2000]. Reconstruc-
tions of the flow strength associated with water masses in
the Pacific DWBC suggest reduced flow during the period
900-400 ka [Hall et al., 2001; Venuti et al., 2007].
Because the majority of northward flow in the DWBC is
of Southern Ocean origin deep and bottom waters, this may
represent reduced ventilation of the Southern Ocean over
this period. Furthermore, the ventilation of North Atlantic
deep waters is also thought to be reduced across the MPT
[Raymo et al., 1997]. The MD06—3018 §'*Cpenmnic record is
more sensitive to changes in the ventilation rates of North
Atlantic deep waters than the ODP 1123 and ODP 849
83 Chenmic records. This arises because the SWSP deep
water mixing regime means that NCT deep water is sensi-
tive to both DWBC and Tasman Sea deep water chemistry
whereas open Pacific Ocean deep water is sensitive mainly
to the former. Middle-depth deep waters in the Tasman Sea
show more influence from relict North Atlantic deep waters
than those of the DWBC and this difference is shown to be
enhanced during past glacial stages. Therefore, a reduction
in the ventilation of both North Atlantic and Southern
Ocean deep waters could lead to the observed reduction
in the §"*C gradient between the middle-depth waters of the
Tasman Sea and DWBC during the MPT.

5. Conclusions

[48] The modern deep water 6'°Cpyc distribution in the
SWSP region is consistent to the first order with conserva-
tive water mass properties and the modern deep water
mixing regime between open Pacific Ocean and Tasman
Sea sourced deep waters [ Wyrtki, 1961]. A reconstruction of
deep water 6'°C in the NCT, in comparison with other
regional records allows constraints to be placed on aspects
of the mixing regime across the middle-late Pleistocene.
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49] On the glacial-interglacial timescale the difference in
8" Cpenthic values between the NCT record and a core from
the Pacific DWBC shows a significantly more positive
value during glacial than interglacial stages. The effect of
potential ventilation of deep waters in the North Pacific on
this offset is examined using the comparison of the NCT
8"3Cpenthic record with ones from the deep equatorial Pacific.
Even with these possible circulation changes, glacial stage
NCT 6"C values cannot be explained entirely from a purely
open Pacific Ocean source. Instead, a significantly enhanced
relative influence from glacial Tasman Sea deep waters
compared to those from the open Pacific is required in
comparison to the interglacial regime. The enhanced relative
influence of Tasman Sea over open Pacific deep waters
during glacial stages reflects a steepening of the spatial
gradient between the §'°C of deep waters found at ~2500 m
depth in the Tasman Sea and the Pacific DWBC. This arose
from the relatively greater glacial stage influence of isoto-
pically depleted middle-depth waters of Southern Ocean
origin in the DWBC compared to the Tasman Sea. The
glacial stage Southern Ocean is shown to contain significant
spatial chemical gradients at depths well above the seafloor
topography. Such regionalization has important implications
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