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ABSTRACT OF THE THESIS 
 

A Multi-Proxy Look At Deglacial Southwest Pacific Ocean 
 

 Sea Surface Temperature and Thermocline Source Water Changes 
 

By BENEDETTO SCHIRALDI JR. 
 
 

Thesis Direction: 
Dr. Elisabeth L. Sikes 

 
Glacial-interglacial changes in global and regional temperature have been linked to 

changes in insolation, winds, and ocean circulation. This study reconstructs sea surface 

temperature (SST) and source water provenance across the last deglaciation (~30-5 kyr BP) 

in five sediment cores in the Bay of Plenty, New Zealand and places these in a regional 

context by comparing these results to previously published work. 

SST reconstructions from Mg/Ca ratios in the planktonic foraminifera 

Globogerina bulloides and alkenones (𝑈
′  
) track different seasons’ SST spring and 

summer, respectively.  During the last glacial maximum (LGM, 26-22 kyr BP), summer 

SSTs average 16.4°C while spring SSTs were 13.6; about 4°C cooler than modern. The 

seasons track well with each other and maintain a constant offset of 3.3-2.8°C as 

temperatures increase into the Holocene, peaking at 21.7°C for summer and 18.4°C for 

spring. Comparison to model reconstructions of local insolation yielded correlation to 

winter insolation from the LGM (~26 kyr BP) to the Antarctic Cold Reversal ACR (~14.1 

kyr BP) after which SSTs correlate well to their respective seasonal insolation.  

Comparison of this study’s temperatures  to published SSTs indicate that deglacial 

warming of subtropical waters differ from subantarctic waters that warmed later and by 

2°C more than subtropical waters. 

δ18O and δ13C from planktonic foraminifera G. bulloides and Globorotalia 
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inflatawere used to reconstruct δ18O of seawater (δ18Osw) and track source water 

provenance. In the LGM, depleted δ18OSW averaging 0.2‰, and enriched δ13C ranging 

between -0.4-0.1‰ indicate shallow water masses had a strong local Southern Ocean 

component.  A step change occurs at 20.1 kyr BP where δ13C depletes to -1.3‰ that 

suggests a deglacial shift in shallow subsurface water mass source location to a distal 

subtropical component likely sourcing through the equatorial Pacific that persists into the 

Holocene. A regional comparison indicates numerous switches between distal-subtropical 

and proximal- subantarctic influences during the early deglaciation. This ends at the ACR, 

which figures as a tipping point for stabilization and onset of modern circulation. 
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Chapter 1 
 
 

1.1 Introduction 
 

A key to understanding driving forces in the climate system is determining how these 

forces manifested themselves regionally in past climate modes. A natural climate forcing is a 

naturally occurring physical or chemical phenomenon which takes a system out of balance and 

forces that system to respond and find a new homeostasis. Natural changes in climate can be 

recorded by environmental archives, which preserve some characteristic of the environmental 

conditions from the past. Some examples of proxy climate records include ice cores, in which 

past atmospheric conditions are preserved in the ice and gas bubbles, and in the calcite shells of 

foraminifera, found in oceanic sediment. These single shell eukaryotes preserve oceanic 

conditions such as sea surface temperature through their stable isotopes and trace metals 

composition during calcification.  By providing us with a glimpse of past atmospheric and 

oceanic conditions climate proxy records have been fundamental in providing scientists 

information about past climate variability. 

1.2 Natural Climate Variability 
 
 
1.2.1 Orbital Theory 

 
In the past million years the Earth has gone through major glacial-interglacial cycles 

which are believed to have resulted from changes in incoming insolation due to variations in 

orbital parameters which affect Earth’s insolation balance (Milankovitch, 1930). Milankovitch 

(1930) established that the incoming solar radiation is determined by the combination of three 

cyclical changes in Earth’s orbit: the precession of the equinox, obliquity, and eccentricity. 

Precession of the equinox refers to wobble of the earth’s axis; this oscillation has a 20 thousand 
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year (kyr) cycle whereas the tilt of the spin axis relative to the position in the eccentric orbit 

primarily governs the seasonal cycle of mid to high latitudes. Obliquity is a 40 kyr oscillation 

in Earth’s axial tilt. This oscillation primarily impacts insolation at high latitudes and may 

result in insolation anomalies up to ~10 W/m2 (e.g., Huybers and Wunsch, 2005). Finally, 

eccentricity refers to the shape of the overall orbit, whether it is circular or elliptical. Changes 

in eccentricity vary on a 100 kyr cycle and will alter Earth’s distance at the aphelion, the time 

in the orbit when the Earth is furthest from the sun, and perihelion, the time in the orbit when 

the earth is closest to the sun, thus altering integrated annual incoming solar insolation. 

Many studies invoke 65oN to be the critical latitude for controlling the growth and 
 
decline of northern ice sheets (e.g., Milankovitch, 1930; Hays et al. 1976; Broecker 1982). 

Broecker (1982) hypothesized that the Milankovitch cycles impact insolation at 65°N 

governing the volume of northern hemisphere ice sheets.  In turn, arguing the growth and 

collapse of ice sheets can accelerate or halt Atlantic Meridional Overturning Circulation 

(AMOC) which causes insolation at 65°N to govern global climate. Studies from the northern 

and the southern hemisphere (e.g., Barrows et al., 2007; Pahnke et al., 2006; etc.), compare 

reconstructions of the insolation at 65oN, the latitude that forces northern hemisphere ice 

sheets, to proxy records of temperature to illustrate the high correlation of paleo-temperature 

estimates and the insolation at high northern latitude ice sheets. Studies in the southern 

hemisphere routinely attribute variability in local proxy records to northern hemisphere 

insolation intensity (e.g., Pahnke et al., 2006; Imbrie et al. 1992).  Shakun et al. (2012) argue 

that CO2 is the key driver of global deglacial warming but that changes in AMOC cause an 

apparent phase lag in the initial timing of the deglacial termination between the northern 

hemisphere and southern hemisphere.  In contrast to studies that argue for non-local causes for 
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the apparent similarities in large scale hemispheric changes, Laepple and Lohmann (2009) 

highlight linear/nonlinear responses of the local seasonal cycle extrapolated to astronomical 

time scales as a possible explanation for region-specific climate change.  In other words, 

Laepple and Lohmann (2009) illustrate that when interpreting a paleo temperature proxy, how 

local insolation affects the region of the proxy must be considered, it is not sufficient to 

interpret these trends as a global signal.  Also supporting the hypothesis that local insolation 

drives local warming, Huybers and Denton (2008) show that changes in the intensity of 

northern hemisphere summer are in phase with changes in the overall length of southern 

hemisphere summers, which may account for the high correlations of southern hemisphere 

proxy records with northern hemisphere insolation. Therefore, before jumping on the band 

wagon that 65°N insolation controls all, it is essential that the proxy record be interpreted and 

assessed in terms of a local insolation signal driving the regional climate. 

1.3 Modern Oceanography of the mid-latitude South Pacific Ocean 
 
 
1.3.1 Modern Day Circulation in the New Zealand Region 

 
In the New Zealand region, ocean circulation that would otherwise be zonal is 

partitioned by the presence of the New Zealand land mass. At roughly 34oS the southward 

flowing East Australian Current (EAC) deflects east towards New Zealand along the north 

Tasman Sea (Hamon, 1965; Figure 1.1). As the East Australian Current flows across the 

Tasman Sea it gives rise to the southeast flowing East Auckland Current which allows STMW 

to flow along the northern edge of the North Island into the Bay of Plenty (Heath, 1972). When 

this flow reaches the East Cape of the North Island, it turns and flows south along the eastern 

side of the North Island giving rise to the East Cape Current (ECC). The ECC flows out of the 
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Figure 1.1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[DC]; Tasman Front [TF]. 

Figure 1.1| New Zealand 
Circulation. Summarizing 
the characteristics of the 
surface current systems, 
oceanic fronts and main 
water masses including 
Subtropical Water [STW]; 
Subtropical Front [STF]; 
Subantarctic Water 
[SAW]; Subantarctic 
Front [SAF]; Antarctic 
Circumpolar Current 
[ACC], the northern limit 
of which is defined by the 
SAF; Circumpolar Surface 
Water [CSW]. Currents 
are annotated as follows: 
East Australian Current 
[EAC]; East Auckland 
Current [EAUC]; North 
Cape Eddy [NCE]; East 
Cape Eddy [ECE]; East 
Cape Current [ECC]; 
Wairarapa Eddy [WE]; 
Southland Current [SC]; 
Southland Front [SF]; 
Westland Current [WC], 
and D'Urville Current 

 
(Taken from Carter, et al. 1998) 
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Bay of Plenty, south through Hawks Bay, until it reaches the Chatham Rise where it deflects to 

the east meeting up with the northward flowing Southland Current at the STF (Heath, 1968) 

this convergence is known as the subtropical front (STF). 

The dominant subsurface water mass in the Bay of Plenty and northern New Zealand is 

Subtropical Mode Water (STMW) delivered by the East Auckland current.  In the Bay of 

Plenty below STMW sits the subantarctic mode water (SAMW), which, based upon salinity 

measurements at 37oS, is roughly 300m thick and occupies depths of roughly 200-500m 

(Figure 1.2b; World Ocean Experiment; WOCE). Salinity profile data from WOCE indicates 

the average depth of Antarctic Intermediate water (AAIW) is between 500m and 1500m. 

 

1.3.2 Surface Water Mass Structure 
 

An important hydrographic feature in the surface water mass structure of the southwest 

Pacific Ocean, and this study region, is the STF.  The subtropical front marks the northernmost 

edge of the Southern Ocean and the front divides the cooler fresher waters of the Southern 

Ocean from the warm salty subtropical surface water to the north (Orsi et al., 1995; Belkin and 

Gordon, 1996). The shallow sub-surface ocean in the New Zealand sector of the South Pacific 

Ocean is composed of three major subsurface water masses: the STMW, SAMW, and 

underlying these AAIW.  In the New Zealand Region the SAMW is at the surface south of the 

STF (Figure 1.2b). North of the STF, subtropical surface waters are underlain by STMW 

which have a wide range of temperature of 13.5-22oC and salinity ranging from 34.3-36.2 psu 

to the north (~7oS; Wong and Johnson, 2003). SAMW has a lower temperature ranging from 5- 

14oC and a salinity range of 34.2-34.6 psu (McCartney, 1977; Tsuchiya and Talley, 1996).  In 

the sector east of New Zealand, the STF is bathymetrically fixed by the Chatham Rise at ~42°S 

(Heath, 1981, 1985; Chiswell 1994; Belkin and Gordon, 1996).  Despite being bathymetrically 
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Figure 1.2  
 
Figure 1.2| a, Schematic 
presentation of major 
currents. The bold solid line 
marks the approximate 
location of the sub-Antarctic 
front (SAF), which separates 
cold and fresher polar 
surface waters, to the south, 
from the warmer and saltier 
surface waters in the sub- 
Antarctic zone (SAZ), to the 
north. SAMW forms in the 
SAZ (grey shaded area) and 
becomes entrained in the 
South Pacific subtropical 
gyre circulation (solid red 
line). At the equator, its 
chemical signal can be 
identified in STMW (~100– 
300-m water depth) in the 
western basin. Denser 
AAIW (~800–1,400-m water 

depth) forms south of the SAF, in the polar frontal zone (PFZ, blue shaded area), and flows 
northwards below SAMW. The triangles mark the core sites used in this study including: the 
RR0503 Bay of Plenty Ensemble (37° S, 177° E; turquoise triangle) and MD97-2120 (43° 
32.06′ S, 174° 55.85′ E; 1,210 m; green triangle). b, Wind-driven upwelling in the Southern 
Ocean causes shallow, mid-depth and deep-water masses to shoal. Cores RR0503-JPC64 and 
MD97-2120 are proximal to the formation zones of SAMW and AAIW and are positioned 
within the flow paths of both water masses as they are advected to the north and ventilate the 
South Pacific thermocline. In the Pacific, circumpolar deep water (CPDW) resides below 
SAMW and AAIW, providing a source for upwelled waters in the Southern Ocean. In the 
modern ocean, CPDW carries a strong contribution from North Atlantic Deep Water (NADW) 
flowing out of the Atlantic Ocean at abyssal depths. Inset, ship’s track/sampling transect for the 
salinity vertical profile shown in the main panel. p.s.u., practical salinity units. 
(taken from Rose et al. 2010) 
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fixed on the Chatham Rise, the surface expression of the front has been shown to migrate in the 

domain between the northern edge of the Chatham Rise and the southern edge of the Chatham 

Rise (Belkin and Gordon, 1994). This meandering in the surface expression of the STF across 

the Chatham Rise may affect how nearby sea surface temperature (SST) proxies respond to 

climate changes in the deglaciation. 

Further south, the subantarctic front (SAF) marks the northern edge of the Antarctic 

Circumpolar Current (ACC).  The ACC is the northern edge of the formation region of AAIW, 

where denser sub-polar water masses advect north below SAMW (Deacon, 1937).  AAIW is 

colder in temperature ranging from 3.5 -10oC but higher in salinity, 34.3-34.5 psu than SAMW 

(McCartney, 1977; Tsuchiya and Talley, 1996).  South of the SAF, strong westerly winds drive 

the ACC causing deep isopycnal mixing (Deacon, 1937; Kennet, 1982; Orsi et al., 1995; 

Toggweiler and Key, 2001) allowing for the ventilation of circumpolar deep water (CDW). 

CDW possesses a large component of North Atlantic Deep Water (NADW; Callahan, 1972; 

Toggweiler and Key, 2001). On modern time scales, the impact of this high latitude circulation 

on both deep water masses and subsurface water masses of the New Zealand study region is 

well characterized.  However, on glacial time-scales changes in deep water source and Southern 

Ocean upwelling regime have been shown to affect subsurface waters throughout the South 

Pacific and into the tropical latitudes of the Pacific Ocean (Spero and Lea, 2002).  These 

changes affected the characteristics and source locations of the subsurface water masses in the 

study region. 

 

1.3.3 Isotopes Signal of Regional Water 
 

The δ13C of planktonic foraminifera is a useful tracer for primary productivity and 

circulation (Emerson and Hedges, 2008). Subsurface water masses become depleted, or lower, 
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in δ13C because they accumulate DIC released from remineralized organic carbon, which is 

significantly δ13C depleted (Emerson and Hedges, 2008). Surface waters can also become 

enriched in δ13C when biological activity preferentially takes up 12C from the DIC leaving 

surrounding waters enriched in 13C (Emerson and Hedges, 2008).  In the South Pacific Ocean 

the deeper water masses are relatively depleted in δ13C owing to the respired CO2 signal 

accumulated along the long flow path from the North Atlantic (Figure 1.3; Curry & Oppo, 

2005). The flow path and source locations of STMW, SAMW, and AAIW dictate the isotopic 

signature of these water masses in the Bay of Plenty water column. Presently in the Bay of 

Plenty, STMW and SAMW have a more proximal and ventilated source making them enriched 

in δ13C relative to older more depleted CDW. In the region north of New Zealand SAMW and 

STMW possess δ13C ranging from 1.4-2‰ (WOCE, P15 station 110). AAIW is advected 

northward under SAMW and STMW accumulating isotopically depleted carbon as it flows 

north, by the time it reaches the water column around New Zealand it has a δ13C signature of 

0.6-1.0‰ (WOCE, P15 station 110).  Any changes in δ13C signature throughout the Bay of 

Plenty water column on glacial-interglacial time scales will reflect shifts in the proximity of the 

source location or changes in the flow path from the source location of these water masses. 

The primary driver of changes in the relative abundance of oxygen isotopes in seawater 

is the balance between evaporation and precipitation.  In areas where evaporation is greater 

than precipitation, the preferential evaporation of isotopically lighter (H2
16O) water, leaves the 

more saline waters isotopically enriched in 18O.   Generally at lower latitudes there is net 

evaporation leaving waters more saline and isotopically enriched, while at higher latitudes 

cooler temperature result in net precipitation leaving waters fresher and isotopically depleted. 

Therefore, there is a correlation between the δ18O of surface water to sea surface salinity 
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Figure 1.3 
 

a) Western Atlantic GEOSECS δ13C (PDB) 

 
b) Western Atlantic Glacial δ13C (PDB) 
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Figure 1.3| a) The distribution of δ13C of ΣCO2 in the modern western Atlantic [Kroopnick, 
1985]. b) A of δ13C of foraminferal calcite of benthic forams used to reconstruct a glacial 
transect for the western Atlantic Ocean basins (Curry and Oppo, 2005). A simple three- 
component model is used to explain the water mass distribution and gradients in both time 
slices. During the glaciation, patterns in the South Atlantic imply that the northern source water 
at 1500 m penetrated as far as 30°S latitude. The penetration of the deep Southern Ocean water 
mass can be observed as far as 60°N. The shallow, southern source water mass (AAIW) did not 
penetrate to 25°N, but there are too few data at intermediate water depths between about 25°S 
and 25°N in the western Atlantic to constrain its northward extent. (Taken from Curry and 
Oppo, 2005) 
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evident latitudinally (Figure 1.4). The salinity effect can also operate on very local scales with 

areas of high net evaporation more enriched and areas of high net precipitation isotopically 

depleted. The effect of net evaporation, or net precipitation, on millennial time scales causes 

oxygen isotopes of global seawater to track well with global ice volume. As more isotopically 

depleted fresh water is removed from the ocean and stored at polar latitudes in ice caps, sea 

level is lowered and salinity increases.  As ice volume increases, the isotopic composition of 

sea water (δ18Osw) becomes heavier by roughly 0.01‰ per meter of sea level decrease 

(Fairbanks, 1989). Because the time scale of glaciations is millennial, which is on the same 

order of the residence time of water in the ocean basin, the ice volume, or sea level effect, is a 

global signal (Shackleton, 1987). Thus, when interpreting δ18O changes on glacial-interglacial 

time scales the effect of ice volume, salinity, and temperature must be considered 

independently.  For example, during glaciations ice volume will result in isotopically enriched 

waters globally because isotopically depleted water is permanently stored in the form of ice. 

The increased storage of fresh water, in the form of ice, will serve to make the whole ocean 

more saline.  Finally, lower global temperatures will reduce the energy for evaporation and 

precipitation resulting in localized changes in salinity.  All three of these effects are essential in 

the interpretation of the local δ18O of seawater on glacial interglacial timescales. 

1.4 Glacial Oceanography of the mid-latitude South Pacific Ocean 
 

 
 

During the LGM Atlantic Meridional Overturning Circulation was weaker than it is in 

the modern era (e.g. McManus et al. 2004; Shakun et al., 2012). Weakened overturning 

circulation and reduced upwelling in the Southern Ocean (Anderson et al., 2009) contributed to 

the lower exchange between deep waters and the atmosphere.  The reduced exchange caused 
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Figure 1.4 
 

 
 
 
Figure 1.4| The relation between δ18O (top two graphs) and salinity (bottom two graphs) and 
latitude of the surface waters of the Atlantic and Pacific Oceans.  Variations with respect to 
latitude are similar for these two indicating that the rain water that dilutes at high latitudes is 
highly dependent in δ18O. Redrawn from Broecker (2002). 

(Figure 5.12 from Emerson and Hedges, 2008) 
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the deep ocean to accumulate depleted δ13C due to older water masses inhabiting the abyssal 

ocean (e.g. Sikes et al., 2000; Curry and Oppo, 2005; Skinner, 2010). The weakening of the 

southern hemisphere westerlies caused reduced upwelling of the deep Southern Ocean water 

masses and is hypothesized  to have resulted in a northward shift in their mean position 

(Toggweiler, 1999). Sea surface temperature (SST) reconstructions indicate that during the 

LGM the STF was shifted 2-3o north of its current position south of Australia, pressing up 

against Tasmania (Sikes et al. 2009).  Studies from the Indian Ocean have also shown a 

northward migration of the STF (Wells and Connell, 1997; Weaver et al. 1998; Nees et al., 199; 

Barrows et al., 2000; Schafer et al., 2005; Hayward et al., 2008).  The northward shift of the 

STF points to an increase in the surface area of the southern ocean, the formation region of 

SAMW and AAIW.  On the eastern side of New Zealand it has been shown that cooler 

subantarctic surfaces waters penetrated as far north as Hawks Bay (Carter et al., 2008; Pahnke 

and Sachs, 2006) despite the bathymetrically fixed position of the STF. To the west of New 

Zealand, surface temperatures decrease, indicating that the STF may have shifted further to the 

north by ~3° (Hayward et al., 2012).  The southward advection of subtropical waters into the 

Bay of Plenty also may have been less owing to the weakened influence of the EAC (Bostock 

et al., 2004) that diminished subtropical surface water flow across the Tasman Sea into the East 

Auckland Current and Bay of Plenty.  These studies suggest that glacial circulation in the New 

Zealand region was different from modern. 

1.5 Early Deglacial Oceanography of the mid-latitude South Pacific (19-14.5 kyr BP) 
 

 
 

Deglacial warming in the southern hemisphere began ~19.5 kyr BP leading northern 

hemisphere warming by roughly two thousand years (Blunier et al., 1998).  Causes for the 
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earlier onset of the deglaciation in the Southern Hemisphere are still being debated, however, 

Shakun et al. (2012) suggest that the mechanism responsible for the deglacial onset starts with a 

rise in boreal summer insolation causing high latitude northern hemisphere warming at 19 kyr 

BP (Alley et al., 2000).  At this time, the rise in temperature reduced AMOC circulation by 

increasing the fresh water forcing at high northern latitudes (Clark et al., 2009).  Shakun et al. 

(2012) suggest that the transfer of heat from the southern to northern hemisphere via AMOC, 

commonly referred to as the bi-polar see saw, was reduced causing the southern hemisphere to 

warm. Huybers and Denton (2008) challenge the hypothesis that northern hemisphere changes 

are responsible for southern hemisphere warming suggesting there is no well-defined 

mechanism for the changes in northern hemisphere summer to drive changes in the southern 

hemisphere. Instead they use paleo insolation models to exam how seasonal changes in the high 

latitude southern hemisphere may have resulted in the warming.  Huybers and Denton (2008) 

show that while the intensity of glacial austral summers weren’t at their peak, the length of 

summer was, linking local seasonal changes to southern hemisphere warming. This agrees with 

Laepple and Lohmann (2010) suggestion that local seasonal changes are likely the driving 

influence of southern hemisphere warming.  Moreover, Huybers and Denton (2008) illustrate 

high latitude austral summer length changes in phase with high latitude boreal summer 

intensity, thus explaining the misleading high correlation between southern hemisphere 

temperature records and northern hemisphere insolation. Therefore, local insolation is a key 

variable in the explanation of deglacial warming. 

 
As the deglaciation progressed (17.5-14.1 kyr BP) global temperatures warmed 

concurrently with a rise in atmospheric CO2 (Shakun et al. 2012).  Global climate models 
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suggest that a rise in global temperatures would cause an intensification and subsequent 

poleward shift of the southern hemisphere westerlies (Russell et al., 2006).  Evidence of 

increased Southern Ocean upwelling during the early deglaciation (17.5-14.1 kyr BP; Anderson 

et al., 2009) supports a deglacial wind shift (Toggweiler et al., 2006) and is coincident with a 

δ13C minimum across much of the Southern Ocean at ~15 kyr BP (e.g., Carter et al., 2008; 

Pahnke and Zahn, 2005; Spero and Lea, 2002; Ninnemann and Charles, 1997). Carbon isotopic 

minima are hypothesized to be a result Southern Ocean ventilation of depleted of δ13C waters 

transmitted into the source region of AAIW and SAMW (Spero and Lea, 2002; Ninnemann and 

Charles, 1997).  However, the δ13C minima widely seen in Southern Ocean sites, are delayed 

by as much as 5kyr relative to the minimum seen at the southwest Pacific subtropical sites 

(Anderson et al., 2009; Carter et al., 2008; Bostock et al. 2004; Pahnke and Zahn, 2005; Spero 

and Lea, 2002). The non-contemporaneous nature of the carbon isotope minima may be an 

indication that the early carbon isotope minimum (Carter et al., 2008) is decoupled from the 15 

kyr BP isotopic minimum (Spero et al., 2002). 

 
As the deglaciation progressed, southern hemisphere temperatures and atmospheric CO2 

continued to rise plateauing for 1.7 kyr (Monnin et al., 2001), beginning 14.1 kyr BP, known as 

the Antarctic Cold Reversal (ACR; Jouzel et al., 1987a; Jouzel et al., 2001; Blunier and Brook, 

2001).  The ACR was accompanied by a weakening of Southern Ocean upwelling (Anderson et 

al., 2009) likely owing to the northward migration of the southern westerly winds (Toggweiler 

et al., 2006; Russell et al., 2006). During the ACR, surface ocean δ13C values in the 

subantarctic Southwest Pacific Ocean begin a phase of enrichment that persisted into the 

Holocene (Carter et al., 2008; Pahnke and Zahn, 2005; Spero and Lea, 2002).  Further north, in 
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the Australia region of the subtropical Pacific, a δ13C minimum after the onset of the ACR 

coincided with the reinvigoration of the East Australian Current, indicating a change in the 

source water formation region of Australian surface waters (Bostock et al., 2004).  At the end 

of the ACR (12.1 kyr BP), Southern Ocean upwelling resumed (Anderson et al., 2009) marking 

a further southward migration of the southern hemisphere westerlies (Toggweiler et al., 2006). 

The resumption of the Southern Ocean upwelling after the ACR is concurrent with a second 

phase of deglacial warming and CO2 rise (Blunier and Brook, 2001; Monnin et al., 2001; 

Anderson et al., 2009).  Unlike the early deglacial Southern Ocean upwelling pulse, the post 

ACR pulse is not concurrent with a depletion in southwest Pacific Ocean surface δ13C (Carter 

et al., 2008; Pahnke and Zahn, 2003; Bostock et al., 2004; Spero and Lea, 2002, this study). 

The dissimilarity of this phase to the early deglacial upwelling pulse suggests that by the end of 

the ACR the Southwest Pacific Ocean circulation had already gone through its most drastic 

changes and was already approaching modern circulatory conditions. 

1.6 Importance of this study 
 

One goal of this study is to assess how local seasonal insolation relates to the SSTs in 

the Bay of Plenty, New Zealand (Figure 1.5) since the LGM.  This will be done through the 

examination of foraminiferal Mg/Ca and alkenones as proxy for SST.  In the reconstruction of 

sea surface temperature the validity of the Laepple and Lohmann (2009) seasonal insolation 

hypothesis will be assessed alongside the interpretation of seasonal SST records. The treatment 

of Bay of Plenty SST reconstructions will then be put in a regional context through the 

comparison with Mg/Ca and alkenone records from nearby sites.   This regional analysis will 

focus on what the proxy evidence suggests about seasonal deglacial temperature changes in the 

New Zealand region. 
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Figure 1.5 
 

 
 
 
Figure 1.5| Bathymetric map of New Zealand.  Our five coring locations are located to the 
north of the North Island of New Zealand in the Bay of Plenty: RR0503-JPC64 (37° 25.34′ S, 
177° 00.41′ E; 651 m; pink triangle), RR0503-JPC79 (36°57.52’ S, 176°35.57; 1165 m; red 
triangle), RR0503-JPC/TC83 (36°44.25’S, 176°38.39’E; 1627m; white triangle), RR0503- 
JPC/TC87 (37°15.81’S, 176°39.86’E; 663m; blue triangle), RR0503-JPC125 (36°11.9’S. 
176°53.35’E; 2,541m, cyan triangle).  Modern surface conditions have subtropical flow (red) 
sourced from lower latitudes into the Bay of Plenty.  The subtropical front (STF; purple) marks 
the convergence zone where subtropical waters meet subantarctic water (blue) sourced from 
higher latitudes in the Southern Ocean. 
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This study also presents and analysis of stable isotopic evidence from the Bay of Plenty 

to acquire a greater understanding how the oceanography of the New Zealand region changed 

throughout the transition from the LGM into the Holocene.  The δ18OSW of surface ocean water 

is reconstructed from planktonic foraminifera δ18O that is corrected for both deglacial ice 

volume changes (Peltier and Fairbanks, 2006) and local SST changes.   δ18OSW interpretations 

can be used as indicators of salinity and source latitude.  These are augmented δ13C 

reconstructions based on foraminifera to get a qualitative reconstruction of shallow subsurface 

water displacement from the source location. The combined interpretation of δ13C and δ18Osw, 

leads to a more thorough determination of the causes of the post-LGM δ13C minima. The goal 

of the isotope analysis is to better understand whether isotopic depletions in the southwest 

Pacific Ocean were a result of source water and circulatory changes, deep ocean ventilation, or 

a combination of both processes. 

An additional aim of this study focuses on how these changes impacted seasonal SSTs 

throughout the New Zealand region.  In combination, the two sections of this thesis focus on 

the evolution of temperatures and major source water changes in the New Zealand region from 

the LGM to the Holocene.  Independently these two sections provide valuable insight on how 

southern ocean circulation and deglacial warming manifested through the mid-latitude southern 

hemisphere.  The use of multiple proxies allows for a more comprehensive understanding of 

how deglacial SST changes in the New Zealand region are interwoven with major changes in 

southern hemisphere ocean circulation. 
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Chapter 2 
 
 
2. Comparison of Alkenones and Mg/Ca as Seasonal Rectifiers 

 
2.1 Introduction 

 
It is becoming widely recognized that the use of multiple proxies can lead to a greater 

understanding of the climate in a region than the use of a single technique.  Multi-proxy 

comparisons have expanded from correlating general agreement among proxies to infer a broad 

regional climate to interpreting finer scale differences among proxies to achieve an improved, 

detailed understanding of paleoceanographic conditions (Mix et al., 2000; Bard, 2001; Mix et 

al., 2001; Sikes et al., 2009).  In this study, two widely used proxies for sea surface temperature 

(SST), the Mg/Ca ratio in foraminifera (e.g., Mashiotta et al., 1999; Rosenthal et al. 2000) and 

the U K' index of alkenones (e.g., Prahl et al. 1988; Sikes and Volkman, 1993), were applied to 

the same core taken from the New Zealand region (Figure 2.1). These proxy records have been 

used independently in numerous studies to quantify glacial interglacial SST changes in the New 

Zealand region (Pahnke et al., 2003; Pahnke and Zahn, 2005; Pahnke and Sachs, 2006; Sikes et 

al., 2002, Sikes et al., 2009, Samson et al., 2005).  However, when foraminifera and alkenone 

temperature reconstructions from the same or nearby cores are compared, there are often 

differences between the records (Sikes and Keigwin, 1994; Chapman et al., 1996; Mix et al., 

2000; Sikes et al., 2002; Pahnke and Sachs 2006; Sikes et al., 2009). The disagreement may be 

a result of non-thermal influences on the proxies such as seasonal growth preference (Sikes et 

al. 2009) or nutrient stress (Prahl et al., 2003; Sikes et al., 2005) biasing the proxy and 

compromising the ability to fully reconstruct past  climate. 
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Figure 2.1 
 
 

 
 
 
Figure 2.1| A bathymetric map of the New Zealand region.  The red triangle marks the location 
of cores 87 JPC and TC from which alkenone and Mg/Ca data was taken in this study.  The 
Hawks Bay core published by Carter et al., 2008 (marked in green) and south Chatham Rise 
core published by Pahnke and Zahn, 2005 (marked in yellow) are also shown. Today the 
subtropical front (STF; purple arrow) separates subtropical mode water (STMW; red) and 
subantarctic mode water (SAMW; blue) and sits within this transect of cores. 
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Around New Zealand, sediment trap studies have illustrated key offsets in the timing of 

the peak alkenone and foraminifera flux into the sediment.   Maximum foraminifera export 

occurs in the early austral spring while the maximum export production of alkenones does not 

occur until late austral spring to early summer (King and Howard, 2004; King and Howard, 

2005, Sikes et al 2005).  In the sediments, these modern seasonal growth offsets produce 

temperature disparities between these proxies as they can only record the conditions from the 

time in which they grew (e.g., Sikes et al. 2009).  Thus, the hypothesis that seasonal growth 

causes inherent differences and rectification of the seasonal cycle among proxy records 

(Huybers and Wunsch, 2003), implies that down core alkenone SST reconstructions are biased 

towards the conditions of early summer while foraminifera reconstructions are biased towards 

spring, assuming that the seasonality or bias does not change on glacial interglacial time scales. 

Therefore, the intra-core temperature offsets in the Austro-New Zealand sector can arise when 

foraminifera proxies that record (Huybers and Wunsch, 2003) spring whereas alkenones are 

recorders for summer temperatures; the seasonality of the proxy is the driving factor of the 

disparity. 

Seasonal temperature changes have been examined on glacial-interglacial timescales 

through the use of paleo-insolation modeling.  Recent modeling work compared modern 

temperature data and an incoming solar radiation model output to better understand how local 

temperature responds to that radiation (Laepple and Lohmann, 2009).  The response of daily 

temperature to daily insolation throughout the year can be either linear or nonlinear.  In the 

New Zealand region, the response of temperature to insolation is linear throughout the year 

with approximately a sixty day offset in insolation and temperature extremes (personal 

communication T. Laepple, 2012). The modern relationship between local insolation and 
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temperature during the year can be extrapolated to past insolation changes, using models of 

insolation based on Milankovitch forcings to provide a basis for evaluating the seasonal 

temperature evolution on glacial-interglacial time scales (Laepple and Lohmann, 2009). Other 

modeling studies suggest a proxy that responds nonlinearly to the annual cycle, due to growth 

during a specific season, may reflect properties of that specific season on glacial-interglacial 

time scales (Huybers and Wunsch 2003).  Earth’s precession cycle is instrumental in 

determining seasonal disequilibrium in insolation forcing, while having no impact on total 

annual insolation.  Huybers and Wunsch (2003) use a model of paleo insolation to illustrate that 

seasonal rectification can be seen by the expression of a high energy band at 20 kyr in the 

frequency spectra of a seasonal rectifier, provided the record is long enough to have multiple 

precession cycles.  This rectification hypothesis lends itself to interpreting the alkenone and 

foraminifera records in this study as proxies for late austral spring/early austral summer and 

early spring respectively.  If the modern seasonal response of temperature to insolation holds 

for glacial-interglacial time scales, then proxy records such as foraminifera and alkenones are 

rectifiers for their respective growth season through time and will follow the paleo-insolation 

model for their respective season.   Models of paleo-insolation make it possible to assess the 

how well New Zealand SST proxies actually compare to the progression of seasonal insolation 

since the LGM. 

The alkenone record at site 87JPC/87TC is a northern compliment to high resolution 

cores to the east of New Zealand which demonstrate glacial-interglacial variability in SST.  The 

available cores with summer SST span from the southeast Chatham Rise, south of the 

subtropical front (STF), to the subtropical water masses of the Bay of Plenty (Figure 2.1). 

Northward shifts of the STF during the glaciation occurred in other parts of the Southern Ocean 
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including the Indian Ocean (Prell et. al., 1980), the Tasmanian sector (Sikes et al., 2009), the 

western Pacific sector (Luer et al., 2008), and the Atlantic sector (Hays et al., 1976).  However, 

east of New Zealand it has been shown that the position of the STF in the last glacial maximum 

(LGM) was similar to that of today (Nelson et al. 1993; Carter et al. 2000; Sikes et al., 2002). 

Today the mean surface expression of the STF appears to flip-flop seasonally from the northern 

Chatham Rise to the southern Chatham Rise (Belkin and Gordon, 1994).  In the past, the 

anchoring of the subtropical front along the Rise, kept waters north of the Chatham Rise 

including the Bay of Plenty subject to subtropical conditions through the glaciation and 

deglaciation.  The south Chatham Rise proxies record subantarctic conditions throughout the 

entire period with possible frontal influences being meso-scale changes in the surface 

expression of the Front affecting the core. 

During the deglaciation wind and current changes in the region may have impacted regional 

SST patterns.   Modeling studies indicate that the circumpolar southern hemisphere westerlies 

may have shifted their position during the deglacial transition affecting the subantarctic 

(Toggweiler, 1999; Russell et al., 2006; Toggweiler et al., 2006) Southern Ocean upwelling, 

which is currently wind-driven.  A deglacial shift of the westerlies is supported by evidence of 

major increases centered on the early deglaciation (17-14.1 kyr BP) and early Holocene (12.4- 

8.0 kyr BP), with a pause during the Antarctic Cold Reversal (ACR, 12.4-14.1 kyr BP; 

Anderson et al., 2009).  During the glaciation, foraminifera proxy evidence points to a 

weakened East Australia Current in subtropical waters near Australia (Bostock et al., 2004). 

Today, the EAC supplies warm subtropical waters to the East Auckland Current which feeds 

directly into the Bay of Plenty (Figure 2.2). While the EAC is not a direct contributor to the 

surface waters of the Bay of Plenty a decrease in the regional influence of the EAC may have 
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Figure 2.2 
 
 
 
 

Figure 2.2| 
New Zealand 

Circulation. 
Arrows 
Summarize the 
characteristics 

of the surface 
current systems. 
Oceanic fronts 

and main water 
masses include 
Subtropical 
Water [STW]; 
Subtropical 
Front [STF]; 
Subantarctic 
Water [SAW]; 
Subantarctic 
Front [SAF]; 
Antarctic 
Circumpolar 
Current [ACC], 

the northern limit of 
which is defined 

by the SAF; 
Circumpolar 
Surface Water 
[CSW]. 
Currents are 
annotated as 

follows: East Australian Current [EAC]; East Auckland Current [EAUC]; North Cape Eddy 
[NCE]; East Cape Eddy [ECE]; East Cape Current [ECC]; Wairarapa Eddy [WE]; Southland 
Current [SC]; Southland Front [SF]; Westland Current [WC], and D'Urville Current [DC]; 
Tasman Front [TF]. 

(Taken from Carter, et al. 1998) 
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had an impact in the surface waters in the subtropics. A latitudinal transect of SST records 

makes it possible to investigate how Southern Ocean versus subtropical Pacific Ocean 

variations influenced conditions in the New Zealand sector of the southwest Pacific Ocean. 

In this study we compare two proxies, an alkenone-based SST paleoclimate record and 

a Mg/Ca based SST paleoclimate record taken from a single sediment core in the Bay of Plenty 

north of New Zealand. The sea surface temperature records are compared to a paleo-insolation 

model with daily resolution (Huybers, 2006) to assess whether or not these paleo proxies track 

seasonal paleo-insolation.  The new alkenone record in this study completes a latitudinal 

transect of alkenone records in the region permitting comparison of this alkenone SST record to 

the records from core MD97-2121 (40°22.80 S, 177°59.40 E; Pahnke and Sachs, 2006) in 

Hawkes Bay north of the STF and MD97-2120 (45°32.06 S, 174°55.85 E; Pahnke and Zahn, 

2005) located south of the Chatham Rise south of the STF (Figure 2.1). These cores transect 

the area from the subtropical surface waters of the southwest Pacific north of New Zealand to 

the subantarctic surface waters of the Southern Ocean allowing a comparison of the response of 

both subtropical and subantarctic surface waters in the region across the deglaciation. Mg/Ca 

analyses of G. bulloides were conducted in one other core, MD97-2120 (Pahnke et al., 2003) 

allowing a seasonal comparison of SSTs for both the Southern Ocean and the Bay of Plenty. 

This study compares the deglacial SST response north and south of the STF across these 

seasons to examine seasonal changes in the deglaciation. 
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2.2  Methods 
 
2.2.1 Mg/Ca Reconstruction 

 
 
Sample Preparation 

 
Five cc samples were taken from cores 87 JPC and 87TC from a 1cm thick quarter section 

of the core at an interval of every 4cm. Sediment samples were dried and then washed and wet 

sieved at 63μm to remove fine clays.  The size fraction >63μm was then sieved into four bins, 

<150μm, 150-250μm, 250-350μm, and >350μm.  Specimens of G. bulloides were picked from 
 
the size fraction between 350µm and 250 µm, collecting enough sample to reach a critical mass 

of 400-500µg; about 25-35 foraminifera per sample. Foraminifera were then brushed onto 

2”x2” glass plates, crushed enough to open chambers, and subsequently stored in acid cleaned 

0.5 mL polypropylene microcentrifuge vials following the methods of Rosenthal et al. (1997). 
 

After all samples were picked and chambers were broken open, each sample was cleaned 

by the following process:  First, fine clays were removed by filling vials with distilled de- 

ionized water (ddH2O), placing vials in an ultrasonic bath, and then siphoning off liquid three 

times.  This process was then repeated twice replacing ddH2O with methanol.  Once small clays 

were removed, 100µL of a reducing agent: 750 mL of anhydrous hydrazine, 10mL of 

ammonium hydroxide, and 10mL of a citric acid/ammonium solution, was added to each 

sample, ultrasonicated, then placed in a hot bath for 30 minutes, and siphoned out in order to 

remove metal oxides from calcite tests.  Next, 250µL of an oxidizing agent consisting of 30mL 

of 0.1 N NaOH and 100µL H2O2 was added to each sample, ultrasonicated, placed in a hot 

water bath for 5 minutes, then siphoned off and rinsed with ddH20 in order to remove organic 

matter.  Samples were then transferred into acid cleaned 0.5 mL polypropylene microcentrifuge 

vials and briefly acid leached with 250 µL of .001 N HNO3 to remove carbonates. After acid 
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leaching, samples were rinsed with ddH2O, and the remaining liquid was siphoned off and 

samples were then refrigerated until running on the Inter-coupled Plasma Mass Spectrometer 

(ICP-MS). All Mg/Ca foraminifera analyses were performed at Rutgers University at the 

Institute of Marine and Coastal Sciences. 

Before analysis on the ICP-MS samples were dissolved in 100µL of 0.065 N HNO3, 

centrifuged to separate out any precipitates, and the liquid was subsequently transferred a final 

time into new acid cleaned 0.5 mL polypropylene microcentrifuge vials. Prior to the sample 

run, 3 consistency standards and a matrix of 6 differing concentrations of a combination of 

[Ca], spiked gravimetric standards (SGS), and 0.5 N HNO3, were run to test for sensitivity. 

Following the matrix, a blank, and a SGS were run followed by 5 samples.  After every five 

samples a SGS and blank were run to provide a reference for machine sensitivity drift, 

normally caused by oxide precipitation along intake cones.  After each run, a final sequence of 

3 consistency standards, were re-run in order to check the consistency of the machine 

sensitivity. 

Once all samples were analyzed, each was checked for outliers in Mg/Ca ratio and 

anomalously high metal concentrations.  Any outliers with unrealistic metal concentrations, 

possibly due to machine error or contamination, are noted in Table 2.1 and are not included in 

the final data analysis. 

 

Mg/Ca Conversion to SST 
 

Early studies involving comparison of the Mg/Ca ratio in calcite shells to ocean 

temperature illustrate the existence of strong correlations between Mg incorporation into calcite 

shells and water temperature (Rosenthal and Boyle 1993) and   that the incorporation of Mg/Ca 

into calcite shells is dependent both on temperature and biological factors (Rosenthal et al., 
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1997). Thus, different calibrations must be used to convert the Mg/Ca of different species of 

foraminifera to temperature.  The calibration equation of calibration equation of Mashiotta et 

al., (1999; equation 2.1) is specifically calibrated for G. bulloides living in the southwest 

Pacific Ocean.  This calibration also allows for the direct comparison of subtropical Bay of 

Plenty G. bulloides to the Mg/Ca SST results of Pahnke et al., (2003). 

This calibration yields a 1 σ uncertainty of +/- 0.8 oC with a 95% confidence interval which 
 

2.1 Mg/Ca = 0.474e0.107T 
 

varies along the regression from +/-0.3 at 16oC to +/-0.6 oC at both 10 oC and 25oC (Mashiotta 

et al., 1999). 

2.2.2 Alkenone Reconstruction 
 
 
Sample Preparation 

 
Core 87 JPC and the corresponding trigger core, 87 TC were sampled at 2 cm intervals 

in the same manner as for foraminiferal samples.  Sediments were oven dried at 30C then 

homogenized using a mortar and pestle and loaded into 22 ml stainless steel extraction cells of 

a Dionex 2000 Accelerated Solvent Extractor (ASE). Nonadecanone was added to each as an 

internal reference standard.  Samples were extracted using a 1:4 mixture of methanol: 

dichloromethane with the ASE programmed to 150oC and 2000 psi.  Extracts were 

concentrated via evaporation under vacuum in a Rapidvap.  Samples were subsequently 

analyzed by capillary Gas Chromatography with a flame ionization detector (FID), using a 

Shimadzu GC-17A fitted with a 30 m JW Scientific DB-5 (0.32mm i.d.). Samples were 

injected on-column using hydrogen as a carrier gas and the temperature program was 

50150C at 30C min-1 and 150325C at 3C min-1 which ensured good separation of all 
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major constituents. Compounds were integrated using Shimadzu-provided software.  C37 

alkenone analysis for U K'-SST estimation were performed at Rutgers University. 

 Paleothermometry 
The long chained alkenones synthesized by Emiliania huxleyi have been shown to have 

a linear relation to water temperature across a wide range of temperatures (Prahl et al. 1988; 

Muller et al. 1988; Sikes and Volkman 1993). Although Sikes and Volkman (1993) calibrated 

this ratio Antarctic and subantarctic water masses, further studies in the New Zealand region 

(Sikes et al. 2002 and Sikes et al. 2005) have demonstrate that the calibration that best recreates 

modern SST in subtropical waters of the Bay of Plenty is the relationship of Prahl et al. (1988) 

and thus this calibration is used to convert Bay of Plenty 𝑈
′  
to SST. 

37   v = 0.034T + 0.039 
 
2.3 Results 

 
2.3.1 Site 87 Core Stratigraphy 

 
87JPC 

 
The age model for the Bay of Plenty core RR0503-JPC-87 (36°44.25' S 176°38.39' E; 

663m depth) was developed by Aurora Elmore for use in another study Elmore et al., (in prep) 

and was made available for this coordinating study.  Stratigraphy was based on a combination 

of tie points from tephra chronology (Shane et al. 2006; Lowe et al. 2008) and benthic δ18O 

correlations in the RR0503 cores (Figure 2.3). The benthic δ18O data at the core top of this 

piston core was estimated to be 6.25 + .03 thousand calendar years before present (kyr BP). A 

second benthic δ18O stratigraphic point at 46cm depth in core provides an age of 7.27 kyr BP 

providing an initial sedimentation rate estimation of 7.3 cm/kyr.  The presence of the boundary 
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Figure 2.3 
 

 
 
 
Figure 2.3| Chronology of RR0503 cores 87 TC (right) and 87 JPC (left) based of the 
stratigraphic interpretation of Elmore et al. (in prep) with age plotted on the y-axis and depth 
(cm) in core plotted on the x-axis.  Stratigraphic tie points include the Rotoma tephra (9.5 kyr 
BP; black x), the Waiohau tephra (13.7 kyr BP; black star), the MIS ½ boundary (14.6 kyr BP; 
red x), the M6 tephra (17 17.8 kyr BP; red star), and the Kawkawa tephra (27.1 kyr BP, red 
plus). 
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between marine isotopes stages one and two (MIS 1/2; 14.6 kyr BP) at 54cm has a slight drop 

in sedimentation (4.0 cm/kyr) through the end of MIS 1 (Elmore in prep). The presence of the 

Mayor Island 6 (17.8+.03 kyr BP) Tephra and the Kawkawa Tephra (27.1+ .03 kyr BP) 

illustrates a continuous sedimentation rate back into early deglacial times and the LGM. 
 
 
87 TC 

 
The age model for Bay of Plenty core RR0503-TC-87 (36°44.25' S 176°38.39' E; 663m 

depth) was similarly developed with the use of a tephra chronology. The top of the trigger core 

was assumed to be modern.  The presence of the Rotoma Tephra (9.5+ .03  kyr BP) at 110 cm 

and the Waiohau Tephra (13.5+ .03 kyr BP) at 160 cm provide evidence of a steady 
 
sedimentation rate, of ~12cm/kyr, from the Holocene through the end of MIS 1.  The presence 

of Mayor Island 6 tephra (17.8+ .03 kyr BP) at 221 cm implies a slightly greater sedimentation 

rate, ~14.1cm/kyr, during early deglacial times. 
 
Splice 

 
The alkenone record reported in this study contains data from both core RR0503-JPC- 

87 and core RR0503-TC-87.  In order to report down core data as a continuous timeline, the 

chronologies of both cores were spliced together.  The presence of a layer of andesite in core 

JPC-87 at 34 cm and core TC-87 at 207 cm along with the aforementioned presence of the 

Mayor Island 6 Tephra in both cores made it possible to join the chronologies of both cores and 

report alkenone based SST data as a continuous chronology.  For the remainder of this study all 

data will be reported using the above age model. 
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2.3.2 SST Reconstructions 
 
 
Mg/Ca based SST 

 
During the early glaciation between 26-21.3 kyr BP, the Mg/Ca based SST for the G. 

bulloides core 87 JPC averaged 13.6°C (Figure 2.4).   LGM minimum temperatures had 

variability on the order of 2.5°C.  At 21.3 kyr BP deglacial warming began with a rate of 

increase of 1°C/kyr with temperatures reaching 17.8 oC at 16 kyr BP.  Throughout this warming 

trend temperature data is quite variable with 20.8 kyr BP and 19.2 kyr BP spiking to 17.0°C. 

During the ACR, 14.1-12.4 kyr BP, there was a marked cooling and temperatures fall 1.0°C to 

an average of 16.2 oC.  This cooling has a temperature variability ranging from 15.2-17.1°C. 

The warming trend reinitiated into the Holocene, with temperatures reaching a maximum value 

of 18oC at 8.6 kyr BP then leveling off in the mid-Holocene at 17.2oC. Holocene temperatures 

varied between 15.1-18.0°C. 

 

Alkenone Based SST 
 

During the last glaciation the few available alkenone SST data were highly variable 

between 27-20 kyr BP (Figure 2.5). At the start of the record ~27 kyr BP temperatures were 

16°C.  SST then peaked at 19°C between 26.5 and 26 kyr BP after which there was a minimum 

of 15.5°C between 24.5 and 23.5 kyr BP. Temperatures reach 18°C by 21.5 kyr BP and then 

fell to 16.4°C at ~20.2 kyr BP. After this interval of highly variable SSTs there was a steady 

warming trend of ~1°C/kyr until 16 kyr BP when temperatures reach 19°C.   This warming was 

interrupted by a temperature plateau with a mean value of 19.4oC between 16.0 and 12.4 kyr 

BP; that largely coincided with the ACR. After this temperatures peaked at 21.6°C at 10 kyr 

BP and subsequently stabilized at an average value of 20.4oC until 6 kyr BP. After this early- 
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Figure 2.4 
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Figure 2.4| Mg/Ca based temperature estimates reported against age. Raw data from core 87 
JPC (dotted blue line), and a 3-point running mean (solid black line). Note that the deglacial 
onset in this water mass appears to occur at 21.2 kyr BP and that within the filtered data there is 
a cooling trend between 14.1 and 12.4 kyr BP coincident with the Antarctic Cold Reversal. 
The glacial onset is followed by a steady rise in SST and two step changes differentiated by 
~1oC. 
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Figure 2.5 
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Figure 2.5| Alkenone-based sea surface tempeAragteu(rkeyreBstPim) ates reported against age.  Data from 
the trigger core (87 TC; blue stars) and the piston core (87 JPC; red stars) are plotted as a 
continuous chronology.  The reconstruction, a glacial minimum temperature occurs at 24 kyr 
BP and the onset of the deglaciation at 20.1 kyr BP.  The transition of warming into the 
Holocene is fairly smooth with the exception of brief interruption of cooling between 14 and 10 
kyr BP, coincident with the approximate timing of the Antarctic Cold Reversal.  In the 
Holocene temperatures appear to reach a maximum of 22°C. 
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Holocene maximum, temperatures decreased at a steady rate of .4oC/kyr until reaching 18.5°C 

in the modern era. 

 

Proxy SST Comparison 
 

To facilitate the comparison of the Mg/Ca reconstructions to the alkenones, high 

frequency variability in both records was removed from using a three point running mean filter 

through the Mg/Ca data (Figure 2.4). The glacial values were then binned by averaging the 

glacial interval 26.0 - 22.0 kyr BP, the ACR 14.1-12.4 kyr BP, the early Holocene interval 

12.1-8.0 kyr BP, and Holocene values 8.0 – 6.0 kyr BP. These bins are reported as the mean 

value for the respective climatic period of each record (Figure 2.6). 

Across the transition from LGM to Holocene both the alkenone and the Mg/Ca SST 

reconstructions show similar deglacial increases in SST, 4.1°C and 3.6°C, respectively (Figure 

2.6).  Alkenones had a mean glacial value of 16.4°C while foraminifera were 13.6°C.  The 

glacial difference between the two proxy records was 2.8°C.  During the deglaciation the 

alkenone and foraminifera temperatures rose at a similar rate, such that the difference between 

the two records was similar to the glacial offset.  At the ACR, both the alkenones and 

foraminifera plateau with average values of 19.4 and 16.2°C respectively, making the offset 

between the proxies 3.2°C. Post-ACR, both proxy records increased by 0.6°C with the average 

offset being constant.  In the early Holocene there was less than a 0.5°C average warming and a 

similar offset of 3.3°C between the proxy records.  Throughout the entire deglaciation the offset 

between the two proxies remained similar given the ~1.0°C uncertainty in the estimates of both 

proxy records. 

The Bay of Plenty record was placed in a regional context by comparing the SST 

reconstructions from this study with previously published high resolution SST records. Nearby 
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Figure 2.6| Comparison of Bay of Plenty alkenone (red) and Mg/Ca (blue) temperature 
reconstructions plotted to age. The solid horizontal lines indicate the average for the intervals 
including the Holocene, the Early Holocene, the Antarctic Cold Reversal, and the Last Glacial 
Maximum as described in text. 
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core MD97-2121 has an alkenone record (Pahnke and Sachs, 2006) Chatham Rise core MD97- 

2120 has both Mg/Ca and alkenone SST (Pahnke et al., 2003; Pahnke and Sachs, 2006). The 

comparison between alkenones (summer SST) for the two subtropical cores, Bay of Plenty and 

Hawkes Bay, track well with one another.  In contrast, subantarctic SSTs from the south 

Chatham Rise core rise more rapidly than both subtropical sites the early deglaciation into the 

early Holocene. 

Subtropical SST in core MD97-2121 rose steadily as did SST in core 87 JPC-TC 

through the deglacial transition with some minor variability in temperature offsets due to noise 

in the records (Figure 2.7). During the LGM MD97-2121 SST averaged 13.1°C with the 

deglacial onset in Hawkes Bay occurring at 18.9 kyr BP roughly 1.2 kyr later than in the Bay of 

Plenty.  During the ACR temperatures in both subtropical cores hit a plateau. The temperatures 

in Hawkes Bay plateaued at 15.7°C, and subsequently rose until they stabilized at 17.0-18.0°C 

during the early and middle Holocene.  Throughout the entire deglacial transition the latitudinal 

temperature difference between Hawkes Bay and the Bay of Plenty remained stable at 3.1- 

3.7°C. 

The temperature offsets between the Bay of Plenty and subantarctic waters on the South 

Chatham Rise during the deglaciation were much more dynamic (Figure 2.7). At the LGM, 

mean SST on the Chatham Rise were 10.3°C and the difference between the Bay of Plenty and 

the south Chatham Rise was 5.8°C. As the deglaciation progressed, the temperature difference 

between the sites decreased by 2.3°C.  By the ACR subantarctic water temperatures had rapidly 

risen to 14.0°C decreasing the temperature difference with the Bay of Plenty to 5.3°C.   By the 

early Holocene, 12.1 kyr BP, subantarctic SSTs were 15.5°C reducing the temperature 

difference to ~4.6°C. At ~8.5 kyr BP subantarctic SST began to decline again at 2.0°C in 1.0 
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Figure 2.7| Alkenone SST reconstruction transect for the New Zealand Region.  Alkenone SST 
from Bay of Plenty core 87 JPC and TC (red), Hawkes Bay core MD97-2121 (purple), and 
south Chatham Rise core MD97-2120 (blue).  The average temperature values are denoted by 
the horizontal bars for four intervals: the LGM (26-22 kyr BP), the ACR (14.1-12.4 kyr BP), 
the early Holocene (12.3-8.0 kyr BP), and the mid-Holocene (8.0-6.0 kyr BP). Note that 
During the LGM and the mid-Holocene the differences between the cores are fairly similar but 
during the ACR and the early Holocene the differences between MD97-2120 and MD97-2121 
are dramatically reduced.  It is also apparent that the reduced differences during this interval are 
driven by greater temperature increase in core MD97-2120 relative to the change seen in the 
other two cores. 
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kyr, to 13.5°C throughout the mid-Holocene. The dramatic decrease at 8.5 kyr BP was not 

observed in either the subtropical record causing the difference between the South Chatham 

Rise and the Bay of Plenty to increase to 7.0°C. The deglacial temperature shift at the 

subantarctic site does not track well with changes in the subtropical sites. 

The only previously existing Mg/Ca SST reconstruction in the region was the G. 

bulloides record from South Chatham Rise site MD97-2120 (Pahnke et al., 2003).  New high 

resolution data in this study allows the comparison of spring SSTs north and south of the 

subtropical convergence that can be contrasted with the summer (alkenone) record discussed 

above (Figure 2.8).  During the LGM Mg/Ca south Chatham Rise SSTs averaged 8.9°C about 

4.7°C cooler than the Bay of Plenty. The onset of the deglacial warming at the subantarctic site 

occurred at 19.8 kyr BP, over a thousand years later than in subtropical waters, which initiated 

at ~21.3 kyr BP. This caused an increase in the offset between these two sites as the Bay of 

Plenty warmed and the south Chatham Rise remained cool.  After this, subantarctic SST 

increased more rapidly reaching 12.6°C by the ACR and decreasing the SST difference 

between the two sites to 3.7°C.   In the early Holocene, subantarctic SSTs peaked at 15.2°C, 

further reducing the temperature difference between the two areas to ~2.0°C.  In the later 

Holocene subantarctic SSTs fell to 13.0°C while subtropical temperatures increased slightly to 

17.2°C increasing the difference in the SST at these two sites results to 4.2°C during the 

Holocene. The comparison of Mg/Ca SSTs between the two sites had the greatest difference in 

the LGM and lowest the early Holocene. 
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Figure 2.8| A comparison of G. bulloides Mg/Ca SST proxies from core 87 JPC in the 
subtropical Bay of Plenty (blue) and subantarctic core MD97-2120 from the south Chatham 
Rise (green). Note solid line represents the mean SST value across the interval of its domain. 
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2.4 Discussion 
 
 
2.4.1 Oceanographic Implications of SST Estimates 

 
The difference between the two Bay of Plenty SST estimates provides a proxy record of 

seasonality. The interval within the annual cycle an organism grows in the shallow ocean will 

impact the temperature that the proxy records.  Thus, the seasonal growth preference of 

foraminifera and alkenones is an important factor which produces differences between 

alkenone based SSTs and foraminifera based SSTs (Sikes et al. 2009).  In subtropical waters of 

the New Zealand region the vast majority of G. bulloides export flux has been shown by 

sediment trap data to peak in the month of October, giving modern G. bulloides an export flux 

based seasonality of early austral spring (King and Howard, 2001; King and Howard, 2003). 

Sediment trap results have also shown that the annual peak in alkenone export primarily occurs 

in late spring and early summer offset from that of G. bulloides with a secondary but lower 

peak occurring in late summer early autumn (Sikes et al., 2005).  The mean Holocene 

difference between proxy records is 3.3°C which agrees well the range of modern values for 

those seasons. Today, the seasonal offset between early spring and early summer SSTs at the 

Bay of Plenty coring location is 3.6-4.1°C, based on a ten year monthly mean (Park and 

Longdill, 2006).  The fact that the mean Holocene difference between the two proxy records 

approximates modern seasonal temperature difference supports the assumption that the 

difference between the two proxy records is primarily based on seasonal differences in SST. 

Glacial seasonality in SSTs, as estimated by the differences in the two SST records in 

the Bay of Plenty was 2.6°C, slightly lower than the modern. The error of estimates, +0.8°C, is 

within the magnitude of ΔT.  It is well established that the subtropical front remained fixed with 

a northern boundary at the Chatham Rise (Fenner et al., 1992; Nelson et al. 1993; Weaver et al., 
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1998; Sikes et al., 2002) meaning temperature changes in the Bay of Plenty reflect variations in 

subtropical SST through the LGM and deglacial transition.  During the LGM the strength of the 

East Australian Current (EAC), which contributes to the East Auckland Current that flows into 

the Bay of Plenty, was significantly reduced (Bostock et al. 2004; Figure 2.2). Planktonic and 

benthic foraminiferal stable isotopes from off shore Australia suggest this current did not 

increase to modern strength until after the ACR (Bostock et al., 2004). The reduced difference 

between spring and summer SSTs in the LGM may have been related to a weakened EAC, 

decreasing the sourcing of warmer tropical waters from the western equatorial Pacific for 

entraining in the EAUC and into the Bay of Plenty in austral summer.  The seasonality, driven 

by greater warming of summer SSTs, increased to modern values when the strength of the EAC 

increased during the ACR (Bostock et al. 2004) and reflected in the Bay of Plenty data set 

(Figure 2.6). The nearly constant offset between alkenone and G. bulloides SSTs reflects 

small differences between growth seasons of these proxies on glacial-interglacial time scales 

(Figure 2.6). 

 

2.4.2 Seasonal Insolation Hypotheses 
 

Variability in the offsets between the seasonal proxy SSTs may reflect changes that 

occurred during their season of growth throughout the deglaciation.  The difference between 

the Bay of Plenty proxies exists because foraminifera are recording spring SSTs while the 

alkenones record early summer SSTs. These proxies may be rectifiers of these specific seasons 

on glacial-interglacial time scales.  In order to assess how well Bay of Plenty seasonal proxies 

track changes in seasonal insolation they were compared to paleo-insolation models. The 

modeling study Laepple and Lohman (2009) present the hypothesis that local insolation is 
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driving proxy records on astronomical time scales in a way similar to how local insolation drive 

the seasonal cycle on annual time scales. 

Presently, in the New Zealand region there is a linear temperature response of local SSTs to 

modeled local insolation throughout the annual cycle with a lag of approximately 60 days 

(Laepple and Lohmann, 2009).  The modeling study of Huybers and Wunsh (2003) suggests 

that proxy records which have nonlinear responses may be representative of a specific season; 

termed seasonal rectification. Alkenones appear to be a summer rectifier, which, if the time 

series was longer Huybers and Wunsch (2003) hypothesize that there would be a high energy 

band at 20 kyr indicating the effect of precession on seasonality.  Even with the short time 

series available, it appears the low latitude summer temperatures have a strong precession 

component. The stable offset between the Bay of Plenty SST proxies persists from the LGM to 

the Holocene (Figure 2.6). One caveat to this interpretation is that on glacial-interglacial time 

scales Bay of Plenty SST records do not track with the respective modeled seasonal insolation 

values as predicted by Laepple and Lohmann (2009); there is a low correlation to the insolation 

that drives the seasonal temperatures.  The low correlation occurs mostly from the LGM to the 

ACR, whereas after the ACR SST values appear to track well with local modeled spring 

insolation values (Figure 2.9). 

At the Bay of Plenty the progression of weakest annual insolation value tracks well with 

the progression of spring and summer temperatures from the LGM to the ACR.  This suggests a 

link between the seasonal temperatures to the progression of annual minimum insolation 

values. The insolation model of Huybers et al. (2006) outputs daily insolation values for the 

entire interval of this record, making it is possible to both isolate an individual seasonal 

insolation and the progression of values such as the annual minimum insolation across the 
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Figure 2.9| Bay of Plenty SST and modeled insolation. Core site 87 SST proxy records 
(alkenones thick red and Mg/Ca blue scale on left axis) plotted with the average August 
insolation (pink), September insolation (green), and the annual minimum insolation (blue) 
scaled on right axis.  Seasonal insolation is scaled by removing the mean value from each point 
and then dividing each point by the amplitude of the curve.  Note that the proxy records appear 
to follow the winter minimum insolation during the interval from the LGM to the ACR. After 
the ACR Mg/Ca peaks with August insolation while alkenones peak with September insolation 
verifying that the seasonal insolation hypothesis of Laepple and Lohmann (2009) at least holds 
true in the Holocene. The ACR appears to be a transition from the proxy records tracking with 
minimum insolation to the proxy records tracking with the insolation values that drive their 
respective seasonal SSTs as predicted by the 60 day lag of SST with insolation. 
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entire interval (Figure 2.9).  From the LGM to the ACR the proxy records track well with 

austral winter insolation values whereas from the ACR to the Holocene the proxies track well 

with local spring insolation (Figure 2.9).  Laepple and Lohmann (2009) compare SST data to 

modeled insolation to illustrate that in a mid-latitude region where there is a linear response of 

temperature to insolation in a given year such as this one, the minimum insolation value is 

highly correlated to the minimum annual temperature.   The relationship between SSTs and the 

annual minimum insolation from the LGM to the ACR can be interpreted as the annual 

minimum insolation establishing a base temperature which forces glacial/early deglacial spring 

and summer temperatures to be low.  If glacial spring and summer temperatures are dependent 

on the winter minimum, perhaps due to a reduced greenhouse effect (Petit et al., 1999), it can 

explain the close tracking of temperatures to the annual minimum insolation during this time. 

Another possibility is that the proxy organisms changed their season of growth, but it is 

unlikely that blooms shifted towards winter, when insolation was at its lowest value. Minimum 

insolation was more likely driving local climate system in New Zealand region by setting a 

minimum temperature which served as a base or limiting factor, against which the spring and 

summer temperatures were set. 

After the ACR, both proxy SSTs began to track early spring insolation.  The alkenone 

SSTs began to track well with and peak with the September insolation whereas the foraminifera 

begin to track and peak with August insolation values (Figure 2.9).  Alkenones have a 

November or late spring growth peak. The tight correlation to September insolation values can 

be attributed to the demonstrated 60 day lag of SST to insolation, the tight correlation of 

alkenone SST and spring insolation from the ACR to the Holocene affirms the interpretation of 

Laepple and Lohmann (2009).  Similarly, foraminifera have peak growth in October.  With a 
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two month lag, October temperatures are tightly correlated to August insolation and there is a 

tight correlation of the Mg/Ca proxy to August insolation from the ACR into the Holocene. 

This suggests that SST at that time was driven by mid-latitude climate into the Holocene, with 

a seasonal temperature cycle that is tightly correlated to but lagged with insolation values.  In 

summary, the Bay of Plenty proxy records appear to track well with local insolation values, 

however, the nature in which they follow insolation appears to vary on glacial interglacial time 

scales. 

 

2.4.3 Latitudinal variation in SST: Alkenone Transect 
 

To place the Bay of Plenty alkenone record in a regional context, data from this study 

was compared to published records in two other cores creating a latitudinal transect of high 

resolution SST records across the New Zealand region.  The SST difference between the Bay of 

Plenty SSTs and Hawkes Bay SSTs remained stable, at ~4.0°C, since the LGM (Figure 2.7). 

This offset likely reflects a steady latitudinal offset in incoming solar radiation during the 

deglacial progression indicating summer SST throughout the deglaciation was similar at the 

Bay of Plenty and Hawkes Bay. 

The difference between subtropical and subantarctic SSTs was more variable, with 

differences between the Bay of Plenty and south Chatham Rise ranging from 4.6-7.0°C the 

deglaciation (Figure 2.7). MD97-2120 sits in close proximity to the southern flank of the STF 

in subantarctic water masses. The response of subantarctic SSTs at the south Chatham Rise is 

fundamentally different from the Bay of Plenty and the Hawkes Bay. The SST rise in 

subantarctic waters was more rapid and overshot Holocene values by as much as 4°C during 

the early Holocene interval (12.1-8.5 kyr BP).  This caused the subtropical-subantarctic SST 

difference to decrease, with the SST difference reaching zero in the ACR and remaining low in 
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the early Holocene.  The overall warming in subtropical waters were more than at the south 

Chatham Rise (4.0 versus 3.0°C; Figure 2.7). 

This regional comparison shows that initial rates of deglacial warming were slower in 

the Bay of Plenty than at the south Chatham Rise (Figure 2.7).  Rapid early warming of 

subantarctic waters with a temperature overshoot in the early Holocene values has been seen in 

other proxy records from south of the STF (Sikes et al., 2009; Sikes et al., 2002).  At the South 

Tasman Rise a southward deglacial frontal shift is responsible for the overshoot (Sikes et al., 

2009).  The use of multiple proxies established a seasonal asymmetry in the frontal movement, 

with greater displacement occurring in the summer (Sikes et al., 2009).   Sikes et al. (2002) 

used a latitudinal transect of cores along the subtropical convergence further offshore eastern 

New Zealand and determined the STF off eastern New Zealand remains fixed along the 

Chatham Rise (Heath, 1972; Jillet, 1969; Shaw and Vennel, 2001; Sikes et al., 2002) with the 

position of the STF at the LGM the same as the modern position. Nevertheless, a minor, 1°C, 

SST overshoot is also present in subantarctic waters at this location, though not as dramatic as 

the 4°C overshoot in MD97-2120. 

Site MD97-2120 sits in the armpit of the Chatham Rise, very close to the front as the 

Chatham Rise redirects the northward flow along the Southland current to the eastward flow 

along the Chatham Rise.  Today, the position of the STF near eastern New Zealand has been 

shown to shift between two mean seasonal positions: along the northern and the southern edge 

of the Chatham Rise proximal to the core site (Belkin and Gordon, 1996).  During the LGM, 

the difference between SST in the Bay of Plenty and Hawkes Bay and the south Chatham Rise 

may have been greatest because the surface expression of the STF was along the northern edge 

of the Chatham Rise in spring (Figure 2.10a).  As the deglaciation progresses the more rapid 
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SST increase at the south Chatham Rise, may have been caused by the mean surface expression 

of the front being displaced  in spring more strongly to the southern side of the Rise.  The 

overshoot in the early Holocene suggests the mean position of the STF sat more extensively to 

the south edge of the Chatham Rise allowing the seasonal presences of subtropical waters at the 

site (Figure 2.10b). This overshoot in temperatures may have been enhanced by the early 

Holocene intensification of the EAC current (Bostock et al., 2004).  At 8.5 kyr BP the SSTs at 

the South Chatham Rise core rapidly drop 4°C while both cores north of the STF show a 

moderate decrease in temperatures.  This may indicate the surface expression shifted back to 

the northern side of the Chatham Rise in spring and summer (Chiswell, 1996). The addition of 

the Bay of Plenty alkenone data suggests that subtropical waters masses may have been able to 

influence frontal positioning on the Chatham Rise. 

The Bay of Plenty SST difference between LGM and mid-Holocene is 4°C while at the 

south Chatham Rise the difference is 3°C. The temperature difference occurs despite the mean 

position of the STF being exactly the same in the LGM as it was in the Holocene (Sikes et al., 

2002). During the Holocene there is a greater influence of low latitude, equatorial, conditions 

in the Bay of Plenty causing an enhanced deglacial warming which is only evidenced south of 

the STF during the brief SST overshoot. 

Relatively colder glacial temperatures in the Bay of Plenty may have been enhanced by 

a northward shift in the southern hemisphere westerly winds.  Russell et al. (2006) use a 

coupled climate model to show that a northward shift and weakening of the circumpolar 

westerlies may have accompanied cooling in the glaciation. This suggests that during the LGM 

the westerly winds might have dominated at latitudes several degrees northward of their 

modern position (Toggweiler et al., 2006).  This is supported by records of Southern Ocean 
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Figure 2.10| Representation of surface circulation in the New Zealand sector, based on 
interpretation of Belkin and Gordon (1996). The mean position of the Subtropical Front (STF; 
purple) is along the north Chatham Rise in colder months (a) and the south Chatham Rise in 
warmer months (b).  Note that when the front sits further south along the rise the south 
Chatham Rise core (yellow triangle) is within the influence of subtropical mode waters (red), 
whereas when the front is along the northern Chatham Rise, subantarctic mode (blue) waters 
dominate the at the core location. 
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upwelling was much weaker than in the modern (Anderson et al., 2009).  This northward shift 

would have caused greater cooling than if subtropical atmospheric conditions alone were 

affecting the Bay of Plenty during the LGM. The increasing low latitude influences as the 

deglaciation progressed can explain the greater amplitude warming in the Bay of Plenty.  This 

may also be the main reason for the shift seen from austral winter insolation forcing to austral 

spring insolation after the ACR.  Changes in the EAC which transport equatorial waters that 

become entrained in the EAUC are a possible conduit for equatorial influence. Isotopic 

evidence from offshore Australia document that the LGM EAC was significantly weaker than it 

is in the modern, it is not until after the ACR that the EAC intensifies carrying greater volumes 

of water from the equatorial Pacific into the Tasman Sea (Bostock et al. 2004) and possibly, the 

Bay of Plenty and Hawkes Bay to enhance deglacial warming. 

 

2.4.4 Multi-proxy Discussion 
 

Like the Bay of Plenty, the south Chatham Rise core has both alkenone (Pahnke and 

Sachs, 2006) and foraminifera Mg/Ca (Pahnke et al., 2003) SST reconstructions.  In the Bay of 

Plenty the average glacial-interglacial seasonal SST difference is higher, at ~3°C, than the 

South Chatham Rise, ~2°C.  In the Bay of Plenty that offset remains steady, 2.8-3.3°C, from 

the LGM to the Holocene, while on the south Chatham Rise the difference between seasons is 

more variable, 0.8-2.0°C, through the record (Figure 2.11). 

The steady temperature offset between spring and summer at the Bay of Plenty and the 

variable temperature difference south of the Chatham Rise can be interpreted in two ways: 1) 

the temperature proxies change their seasonality during the deglacial progression as a result of 

nutrient and/or light stress or 2) at the south Chatham Rise the seasonal response to the 

deglaciation is impacted by seasonal changes in where the STF sits on the Chatham Rise.  In 
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Figure 2.11| Seasonal temperatures in the Bay of Plenty and at the south Chatham Rise. 
Alkenones represent summer SST and Mg/Ca, spring based on the growth seasons of the 
organisms on which they are based. The comparison between subtropical and subantarctic SST 
indicates a very steady seasonal difference in the Bay of Plenty while the seasonal SST 
difference is more variable at the South Chatham Rise. This is especially apparent when 
looking at average values across intervals such as the LGM (26-22 kyr BP), the ACR (14.1- 
12.4 kyr BP), and comparing them with Early Holocene (12-8 kyr BP) and Holocene (8-4 kyr 
BP) averages. 
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the Bay of Plenty the steady offset between the spring and summer temperatures indicate that 

neither proxy changed its seasonality nor did the seasonal SST differences change as a response 

to the regional glacial-interglacial changes. Because the south Chatham Rise core sits so close 

to the front, the highly variable spring-summer offset may result from variability in nutrients 

delivered at the front or, the seasonal surface expression of the front, throughout the 

deglaciation. 

During the early Holocene the south Chatham Rise summer SSTs warm much more 

than spring SSTs causing the greatest seasonal temperature difference for that site in the record, 

(2.0°C), whereas immediately following, the summer SSTs drop reducing the seasonal 

difference to the lowest in the record, (less than 1.0°C; Figure 2.10b).  Similar differences 

between the responses of the similar SST proxies on the South Tasman Rise are attributed to 

seasonal variability in the position of the front (Sikes et al., 2009). On the Chatham Rise, an 

offshore latitudinal transect across the STF determined that the STF was in the same position in 

the LGM as it is in the Holocene (Sikes et al., 2002). At first glance this interpretation raises 

doubt that seasonal variability is related to frontal movement, however, the proxies in that study 

gave differing estimates of SST, that were attributed to mesoscale eddies causing differing 

estimates between alkenone and foraminifera SSTs (Sikes et al., 2002). Mesoscale movements 

of the front could be invoked to explain both the 4.0°C summer SST overshoot and enhanced 

seasonality during the early Holocene by increasing the component of subtropical surface 

waters to the south of the Rise in the summer. 

It is clear that the pattern of deglacial warming in the subantarctic Pacific differs from 

the deglacial warming in the subtropical Pacific. These differences may not result only from 

frontal meandering but also from orbital forcings.  It is well-known that Milankovitch forcing, 
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specifically precession and obliquity, impact high latitudes and low latitudes differently (e.g., 

Huybers, 2011; Huybers and Wunsch, 2005). The effect of obliquity at high latitudes can 

create insolation anomalies as high as 10W/m2.  The differential temperature response at these 

two locations may also result from high latitudes being impacted more by obliquity while low 

latitudes are impacted more by precession. 

2.5  Conclusions 
 

In the Bay of Plenty and the southwest Pacific Ocean Mg/Ca records from G. bulloides 

are believed to be recorders of early spring while alkenone records reflect for late spring early 

summer temperatures.  At the Bay of Plenty, Mg/Ca SSTs track well with austral spring 

insolation while alkenone SSTs track well with austral summer insolation throughout the 

Holocene.  However, from the LGM to the ACR, SSTs track well with the progression of 

minimum insolation values.  At the LGM temperatures are cooler, and based on the latitudinal 

comparison there may have been a greater influence of subantarctic waters to the Bay of Plenty 

causing a greater LGM-Holocene temperature difference than seen in subantarctic waters. 

Temperatures may have been forced by higher latitude insolation during this interval. This 

leads to the hypothesis that in a longer SST record from this region an obliquity signal would 

be seen during intervals when subantarctic waters masses made up a component of surface 

waters. 

When the Bay of Plenty proxy records are put in a regional context via comparison to 

Hawkes Bay and South Chatham Rise proxy records, several nuances in the deglaciation are 

revealed.  The deglacial warming was more intense in subtropical water masses whereas in 

subantarctic water masses the initial warming was more rapid causing an Early Holocene 

overshoot. This overshoot may have been related to mesoscale movements in the STF along 
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the Chatham Rise in summer months.  In conclusion, the use of multiple proxies enhances the 

picture of the deglaciation by adding a seasonal component to the deglacial story in the 

southwest Pacific Ocean. 
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Chapter 3 
 
 
3. Deglacial Source Water Shifts in the Southwest Pacific 

 
3.1 Introduction 

 
The deglacial transition is marked by major changes in large scale ocean and 

atmospheric circulatory patterns (e.g., Pahnke and Zahn, 2005; Anderson et al., 2009; 

Toggweiler 1999; Toggweiler et al., 2006; Bush and Philander, 2002). Deglacial initiation of 

the southern hemisphere warming leads that in the northern hemisphere (Sowers and Bender, 

1995; Blunier et al., 1998; Stott et al., 2007, Shakun et al 2012). Despite general consensus 

that the southern hemispheric changes lead those in the northern hemisphere, the mechanism 

linking southern hemisphere deglacial events to those in the tropical and northern hemisphere is 

still a topic highly debated in the paleoclimate field (e.g., Ninneman and Charles, 1995; Smith 

et al., 1999; Spero and Lea, 2002; Huybers and Denton, 2008).  One way to examine how 

high-latitude climate changes are related to low-latitude climate changes is by studying the 

mid-latitude climate records across which climate changes propagate (Bostock et al., 2004; 

Pahnke and Sachs 2006; Carter et al., 2008; Spero and Lea 2002). 

During the LGM, global ocean deep circulation was different than that of today. 

Meridional overturning circulation is believed to have been slower due to reduced formation of 

North Atlantic Deep Waters (NADW; e.g., Broecker 1982, 2002).  Diminished meridional over 

turning was accompanied by decreased upwelling in the Southern Ocean (e.g., Anderson et al., 

2009) and reduced ventilation of the deep abyssal ocean (e.g., Sikes et al., 2000).  A number of 
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mechanisms have been proposed including a weakening and northward shift in the southern 

Hemisphere westerlies (Sigman et al, 2010, Toggweiler 1999; Toggweiler et al., 2006). 

The LGM ended with the warming of the Southern Hemisphere which was 

accompanied by a depletion in the δ13C composition of shallow interior water masses and 

deeper subsurface water masses in both the subtropical Pacific and the subantarctic region of 

the Southern Ocean surrounding New Zealand (Figure 3.1; Anderson et al., 2009; Carter et al., 

2008; Pahnke and Zahn, 2005; Bostock et al., 2004; Spero and Lea, 2002).  In the South 

Pacific, subtropical shallow interior waters δ13C depletions were abrupt (Carter et al., 2008). 

Deeper in the subsurface of the subtropical south Pacific Ocean (Carter et al., 2008) and in the 

shallow subsurface ocean in the subantarctic sector of the Southern Ocean the isotopic 

depletion is more gradual and resulting in an isotopic minimum event centered at ~15 kyr BP 

(Anderson et al., 2009; Carter et al., 2008; Pahnke and Zahn, 2005; Spero and Lea, 2002).  The 

more gradual depletion in the mode waters coincides with initiation of the Southern Ocean 

upwelling system (Anderson et al., 2009) which is thought to cause the isotopic depletion in 

atmospheric CO2 (Schmitt et al., 2012).  It has been suggested that these isotopic depletions 

may have been a direct result of the upwelling of a low δ13C signal being transmitted through 

the Pacific Ocean via SAMW and AAIW (Spero and Lea, 2002) but the earlier more abrupt 

change in subtropical waters is not consistent with this hypothesis suggesting these two 

depletions are decoupled. 

Because δ13C of DIC of subsurface water is primarily a proxy for primary productivity 

or respired CO2, this data alone is not enough to constrain the geographical shift in origin of 

these isotopically depleted waters. Unlike δ13C, the δ18O of ocean water (δ18OSW) signal has 

embedded within it a latitudinal and a salinity component of source water caused by Rayleigh 
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Figure 3.1 
 

 
 
 
Figure 3.1| Schematic map of modern shallow surface circulation surrounding New Zealand. 
Subtropical mode water (STWM; red) advects in from the northwest carried in part by the East 
Auckland Current (straight red arrow).  STMW is bounded to the south by the subtropical front 
(STF; purple).  Further south subantarctic mode water (SAMW; blue shaded area) dominates 
with waters advecting in from the south. The coring sites referenced in this study include: the 
Bay of Plenty (red triangles; this study), Hawkes Bay (green triangles; Carter et al., 2008), and 
the south Chatham Rise (yellow triangle; Pahnke and Zahn, 2003). 
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distillation (Broecker, 2002).  In order to better test the hypothesis that abrupt δ13C change in 

the regional subsurface waters is not solely related to Southern Ocean upwelling it is necessary 

to combine paleo δ13Cand δ18OSW reconstructions to interpret the provenance of the water 

mass. 

In this study, high resolution stable isotope records from five cores in the Bay of Plenty 

were compiled to examine changes in the provenance of interior water masses from the LGM 

into the Holocene. The two isotopes, δ13C and δ18O, of two planktonic foraminifera, G. 

bulloides and G. inflata, that grow at different depths, provide insight into deglacial water mass 

provenance changes and surface stratification in the subtropical New Zealand region.  This Bay 

of Plenty record is compared to nearby records from Hawkes Bay and the south Chatham Rise 

to create a regional deglacial reconstruction.  This study focuses on the mid-latitudes, such as 

the area surrounding New Zealand, as a key region in deciphering deglacial changes in 

Southern Hemisphere source water shifts. 

3.1.1 Planktonic Foraminifera Stable Isotopes as Environmental Tracers 
 

 
 

Planktonic foraminifera are single celled protozoans that live and calcify in surface 

ocean. Foraminifera tests are made of calcite (CaCO3) and the isotopic composition of the 

carbon and oxygen within the shell is assumed to be in equilibrium the ocean during the time of 

growth, provided it is not a species with photosynthetic symbionts (Be, 1982). Two non- 

symbiont bearing species well adapted to live in the southwestern Pacific Ocean and used in 

this study are Globigerina bulloides and Globigerina inflata (Darling and Wade, 2008). G. 

bulloides is a spinose species of foraminifera which has been shown to live in the shallow 

depths of subpolar transitional zones (Be and Tolderlund, 1971; Be, 1977; Hemleben et al., 
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1989; Darling and Wade, 2008; Chapman, 2010). G. inflata is a non-spinose foraminifera 

known to dominate subantarctic and subtropical transitional regions of the world’s Oceans (Be, 

1960; Be and Hemlin 1967). Furthermore, Cleroux et al. (2007) suggest that G. inflata prefers 

to live at the base of the thermocline and to record seasonal thermocline water mass conditions. 

The degree to which the isotopic compositions of foraminifera track the isotopic 

composition of the local water mass has been established for the southwest Pacific Ocean. The 

sediment trap data of King and Howard (2004, 2005) document the relationship of modern G. 

bulloides and G. inflata to the δ18O of the water mass of our specific study region. The 

maximum export flux out of the photic zone of G. bulloides and G. inflata is in early October, 

or early austral spring. The amplitude of the isotopic signal in G. bulloides over the annual 

cycle is similar to the δ18O range of the surface ocean (King and Howard, 2005) confirming 

that these foraminifera live in the shallowest 50m of the water column in the (Field 2004). 

Comparison with the predicted δ18O values of the surface waters in the New Zealand sector 

suggest G. bulloides has a constant δ18O offset from the water of roughly 0.4+/-.03‰ (King 

and Howard, 2005). King and Howard (2005) also analyzed the annual isotopic amplitude of 

G. inflata illustrating that this species live between 50-100m depth deeper in the subsurface 

water column. Unlike G. bulloides, G. inflata δ18O does not have an offset with the actual δ18O 

value of the water it inhabits.  The δ13C of G. bulloides records the δ13C of DIC with a constant 

disequilibrium offset of 1.5‰ while the G. inflata records the δ13C of the DIC with a constant 

disequilibrium offset of 0.3‰ relative to the dissolved inorganic carbon (DIC) of the water 

(King and Howard 2004).  These sediment trap studies in the New Zealand region establish that 

the isotopic composition of G. bulloides and G. inflata calcite tracks the isotopic composition 

of surface water masses with an isotopic offset (King and Howard, 2002, 2004, 2005). 
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Knowing foraminiferal isotopes track the isotopes of the modern ocean allows the 

interpretation of past changes in ocean circulation. The δ13C of foraminiferal tests have been 

used as deep water mass tracers in the South Pacific because they carry a respired CO2 signal 

which corresponds to the distance from water mass provenance (Broecker, 1994; Bostock et al., 

2004; Bostock et al., 2010; Carter et al., 2008; Loubere and Bennett, 2008; Spero et al. 2003). 

The δ18O records global ice volume, local temperature, and salinity.  For the purpose of this 

study, the salinity component of the δ18O is linked to the latitude of water mass formation 

(Broecker, 2002). The isotopic composition of G. bulloides and G. inflata will be used to 

interpret changes in the structure of the surface water column in the Southwest Pacific Ocean 

since the LGM. 

3.2 Methods 
 
3.2.1 Sample Preparation and Analysis 

 

 
 
A depth transect of five cores (Table 3.1) from the subtropical Southwest Pacific Ocean in the 

Bay of Plenty off the coast of northern New Zealand were chosen for this study (Figure 3.1). 

Sampling for all of the cores in this study were 5cc.  The sampling intervals for each core 

varied between 1, 4, and 8 cm depending on the individual sedimentation rates in the cores. For 

most cores, resolution was increased across intervals of interest to the study (See Appendices 

A.1 – A.4). Sediment for isotopic analysis was oven-dried at 30°C and weighed. Then, the 

sediment was disaggregated using deionized water and wet sieved at 63µm to remove fine 

clays. Samples were re-dried at 30°C, and the process repeated three times and the dry weight 

of the coarse fraction, >63µm, recorded. The planktonic species Globigerina bulloides, 





62 
 

  

 
 

3.2.2 Ensemble Calculation 
 

 
 

In order to quantitatively compare records from the five cores, a matching chronology 

for each core was created by interpolating to a centennial incremented age model for 0.0 to 30.0 

thousand years (kyr BP). The isotopic values of cores 87 JPC, 64 JPC, 79 JPC, and 125 JPC 

were averaged using the nanmean function in Matlab to achieve a composite value or ensemble 

average for the Bay of Plenty (Appendix B.1). The splice of cores 83 JPC and 83 TC were not 

included in the ensemble calculations due to questions concerning the splice and age model. 

3.2.3 Assemblage Counting 
 

 
 
The raw isotope data suggested offsets in the timing of events between the two planktonic 

species.  To asses the possible effect of changing abundances and differential bioturbation on 

the record, assemblage counts of these species were used to investigate bioturbation impacts on 

isotopic values (Table 3.2).  Planktonic species of foraminifera from cores 87 JPC and 125 

JPC were taken from ten 1cm sections of the core at depths surrounding the timing of deglacial 

isotopic depletions.  All samples within the size fraction >150μm where successively split to 

yield a total of 300-500 planktonic foraminifera. For each sample population counts were 

conducted for G. bulloides, G. inflata, N. pachyderma (left coiling), and N. pachyderma (right 

coiling) according to the established taxonomy (Be, 1977; Thompson and Shackleton, 1980).To 

obtain overall numbers per gram assemblage counts were back multiplied for splits to yield the 

total number of each species, and any individuals previously removed for isotopic or trace 

metal analysis were added to the total count per species in the sample. The samples were then 

divided by the original dry weight (g) yielding an estimate of species population per gram of 

sediment. 
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Table 3.2 
 
 
 
 

Core Depth 
(average 

cm) 
G. bulloides 

(individuals/gram) 
G. inflata 

( individuals /gram) 
Pachyderma left 
( individuals /gram) 

Pachyderma right 
(individuals/gram) 

125 JPC 152.5 293.3 369.3 273.5 0 
125 JPC 156.5 223.3 331.4 216.1 13.2 
125 JPC 164.5 312.8 416.2 259.5 0 
125 JPC 172.5 97.5 187.2 109.8 0 
125 JPC 184.5 121.4 329.6 149.4 4.4 
125 JPC 220.5 122.2 204.9 158.3 8.6 
125 JPC 228.5 177.4 395.4 289.3 5.4 
87 JPC 70.5 864.6 889.8 327.6 0 
87 JPC 78.5 1081.3 1250.7 820.1 71.3 
87 JPC 82.5 3095.7 3941.8 3424.7 85.6 
87 JPC 86.5 6880.9 6976.2 3812.8 653.6 
87 JPC 94.5 5093.0 4572.1 3770.5 595.3 

 
 
 
Table 3.2| Population counts of planktonic foraminifera within cores 125 JPC and 87 JPC. 
These assemblage counts were used to assess differential bioturbation between the several 
species. This can impact offsets in foraminiferal isotope data. 

 
 
 
 
3.3  Results 

 
3.3.1   Stratigraphy Chronology 

 

 
 
RR0503 64 JPC 

 
The age model for core RR0503-JPC-64was developed using tephra chronology and 

planktonic δ18O stratigraphy.  Tephra tie points for this core include the Whakatane tephra 

(5.5+ .06 cal kyr BP), the Rotomoa tephra (9.5+ .03 cal kyr BP), and the Waiohau tephra 

(13.6+ .03 cal kyr BP). The age model for this core is described in greater detail in the 
 
supplementary on line information of Rose et al. (2010). 
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The development of the age model for the remaining RR0503-cores consisted of the 

also used stratigraphic tephra tie points (Table 3.3; Elmore, in prep).  The presence of the 

Rotoma tephra (9.5 cal kyr BP), the Waiohau tephra (13.7 cal kyr BP), and the Okareka tephra 

(22.6 cal kyr BP) all suggest a continuous sedimentation rate between 4.8 and 13.3 cm/kyr 

throughout the Holocene.  In core 79 JPC, the presence of the Te Rere tephra (25.5 cal kyr BP) 

at 289 cm indicates a higher sedimentation rate of 31 cm/kyr from the LGM to the end of MIS 

2. A linear sedimentation rate was assumed between all chronological tie points allowing for 

the development of a continuous age model for the entire core (Figure 3.2a). The development 

 
 
 
 
Table 3.3 

 
 
 

 

 
Tephra Age 

(kyr BP) 
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Kaharoa 
0.6 

 

89 cm 
 

46 cm     

Waiohau 
13.7 

  

81 cm   

125 cm   

Mayor Isle 6 
14.0 

    

156 cm   

Rerewhakaaitu 
17.8 

 

153 cm 
 

187 cm 
 

68 cm   

74 cm 
 

164 cm 

Okareka 
22.6 

 

307 cm 
 

199 cm 
 

107 cm    

282 cm 

Te Rere 
25.5 

 

372 cm 
 

289 cm     

Kawkawa 
27.1 

  

330 cm 
 

164 cm   

157 cm 
 

346 cm 
 
 
Table 3.3| Stratigraphic tie points used in the development of age models of cores RR0503- 
125-JPC, RR0503-87-JPC, RR0503-83-TC, RR0503-79-JPC, and RR0503-64-JPC. 



65 
 

  

 
 

 
 
 

Figure 3.2 
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Figure 3.2| Age depth plots for the cores used in this study. Symbols illustrate stratigraphic tie 
points for cores 79 JPC, 83 TC, 87 JPC, and 125 JPC. Positively identified tephra (Shane et al, 
2006) were combined with marine oxygen isotope events picked in the benthic record to create 
a high resolution chronological model for each core as indicated. 
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of the age model was the same for cores 83 TC, 87 JPC, and 125 JPC however the tephra tie 

points used varied (Table 3.2).  The depth vs. age model for each core is presented in Figure 

3.2. 

3.3.2 Oxygen Isotopes 
 
 

The G. bulloides δ18O records variability throughout the Bay of Plenty depth transect of 

cores (Figure 3.3).  In three cores: 87 JPC (600m), 79JPC (1200m), 125JPC (2500m), there 

was an increase in δ18Obul of 0.6‰ during the LGM to maximum values of 2.6‰, 2.2‰, and 

2.6‰, respectively, prior to the termination of the LGM.  After the LGM maximum the δ18Obul 

became steadily depleted by ~1.2‰ until the onset of the ACR.  This continued into the Early 

Holocene to minimum values of ~0.0-0.15‰.  A Holocene trend is not evident due to lower 

resolution data, however, in core 125JPC, whose age model extends to the modern era, and 

values level off between 0.3 and 0.5‰. The oxygen isotopes of the subsurface species G. 

inflata (δ18Oinf) in these cores showed a similar glacial to interglacial change but had much 

amplitude variability through the record (Figure 3.3). During the LGM core 79JPC δ18Oinf 

ranged between 1.8‰ and 2.4‰. Results in cores 87JPC and 125 JPC were noisier during this 

interval but ultimately exhibit a similar enrichment. The maximum enrichment in all three cores 

occurs at 17.8 kyr BP approximately 2kyr after that seen in the G. bulloides record.  After 17.8 

kyr BP, there is a steady deglacial δ18Oinf depletion into the Early Holocene to a minimum value of 

0.7‰. 

Core 64JPC (661m water depth; Rose et al. 2010) analyses do not extend into the LGM 

preventing an assessment of glacial isotopic values. However, after the LGM the deglacial 

trend in δ18Obul was steady depletion until a hiatus in the core at 14-9 kyr BP (Figure 3.3). 
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Figure 3.3 
 

 
 
 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 

2 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 

G. bulloides  
 
 

79JPC 
  125JPC 
  64JPC 

87JPC 

0 2 4 6 8 10  12  14  16  18  20  22  24  26  28  30 
KYr BP 

 

 

Figure 3.3| Oxygen isotope (δ18O) of the planktonic foraminifera G. bulloides for the Bay of 
Plenty cores used in this study.  The cores 79 JPC (blue), 125 JPC (green), 64 JPC (red), 87 
JPC (thin black line), were averaged to produce an ensemble record (thick black line) for the 
location. 
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When the record resumes after the ACR a notable δ18Obul minimum of 0.2‰ occurred in the 

early Holocene at ~8.7 kyr BP. The δ18Oinf had a maximum of 2.1‰ at ~18kyr BP (Figure 3.4). 

After this maximum there was a steady decrease in δ18Oinf to an Early Holocene minimum of 

.6‰ at 9 kyr BP; the steady depletion is exclusive of the aforementioned slump. 
 

Benthic data in core 83 TC had anomalously enriched δ18O values, from depths 154 to 

184 cm not duplicated in other nearby cores. This is potentially due to a coring issue and limits 

from the use of the older sediments in this core and so it is reported for completeness but not 

utilized in the ensemble calculation (Figure 3.5 and 3.6). The two cores 83JPC and 83TC were 

spliced together using only the upper portion of TC87 to get a high resolution record.  During 

the LGM there were several high amplitude swings extending from as low as 1.6 to as high as 

2.4‰ (Figure 3.5). Unlike the other cores, G. bulloides in JPC83 do not begin the 

The deglacial depletion until 19 kyr BP, and the noisy shift lasted until 5.8kyr BP when δ18Obul 

 
reached a minimum value of -0.1‰.  This was much later than the Early Holocene minimum 

seen in the other cores. During the LGM, the δ18Oinf values held steady at 2.2‰. The deglacial 

depletion began at 20 kyr BP (Figure 3.6); much earlier than the other cores and depleted until 

they reached a minimum value of .5‰ at 6.8 kyr BP. 

 

Thermocline Proxy 
 

The difference in δ18O values between planktonic foraminiferal species has been used 

to estimate thermocline depths.  In this study, the difference between G. bulloides and G. 

inflata (Δδ18O; e.g., Thornalley et al., 2009) were used to estimate near surface stratification. 

Δδ18O values close to 0.0‰ signify as a deeper thermocline and whereas more negative values 

are interpreted as a shoaled thermocline.  In the Bay of Plenty a deeper thermocline was present 
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Figure 3.4 
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Figure 3.4| Bay of Plenty δ18O inflata results for cores: 79 JPC (blue), 125 JPC (green), 64 JPC 
(red), 87 JPC (black). The average of the 4 cores was constructed by first linearly interpolating 
each core to a centennial time using step using the interp1 function in Matlab and then the 
namean function in MatLab was used to construct the ensemble average (thick black line). 
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Figure 3.5 
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Figure 3.5| Bay of Plenty δ18O bulloides data for core 83 TC/JPC splice (turquoise). The data 
from this combined core is compared with the ensemble average (thick black line). Note the 
offset in the onset of the deglacial shift, suggesting suspect stratigraphy. 
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Figure 3.6 
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Figure 3.6 Bay of Plenty δ18O G. inflata data for core 83 JPC/TC compared (turquoise). 
Results from this core are with the ensemble average of G. inflata (thick black line) for the 
other cores from this location. 
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in the LGM (Figure 3.7).  At the deglacial onset, a step change in Δδ18O enriched towards the 

zero line indicates the thermocline shoaled after which it continued to shoal into the Holocene. 

Two thermocline modes are clearly evident in this data set, a deeper glacial mode dominant 

prior to 20.1 kyr BP and a shallower post-glacial mode from 19.5 kyr BP through to the 

Holocene. 

3.3.3 Carbon Isotopes 
 
 

During the LGM the δ13C of G. bulloides (δ13Cbul) in cores 79 JPC, 87 JPC, and 125 

JPC had a mean of ~-0.4‰. At 20.1 kyr BP, there was a maximum δ13Cbul value (-0.1-0.3‰) in 

all three cores (Figure 3.8). From 20.1-19.1, that is the 1kyr following the enrichment peak, 

there was a >1.0‰ depletion seen in the three cores. At the same time 64 JPC had a similar 

δ13Cbul minimum of -1.7‰ but the onset is not resolvable due to the lack of LGM data. 

Throughout the deglaciation high amplitude noise in the δ13Cbul in all cores dominates the 

record. After the deglacial shift, cores 79 JPC and 87 JPC averaged ~-0.9‰ through to the 

Holocene while core 125 JPC averaged -1.0‰, and 64JPC averaged -1.4‰. Despite variability 

between the four cores, the ensemble average allows for the interpretation of a clear regional 

trend. 

The G. inflata carbon isotopes (δ13Cinf) are both less noisy and much more consistent 

between cores. Unlike δ13Cbul, the δ13Cinf did not exhibit a high magnitude change at 20 kyr BP 

(Figure 3.9). In the interval from 25 to 18 kyr BP there were no significant trends in any core. 

87JPC, 125 JPC, and 64 JPC, where data exists, all had a mean δ13Cinf of 0.7‰, 79JPC had a 

slightly higher value of 0.8‰ during the interval. During the early deglaciation all cores 
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Figure 3.7 
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Figure 3.7| The difference between G. inflata δ18O and G. bulloides δ18O (Δδ18O) used to 
represent the depth of the surface mixed layer. When the Δδ18O of the two species is more 
similar, that is, is closer to zero the thermocline is shoaled. When Δδ18O is more negative there 
is a deeper thermocline. 
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Figure 3.8 
 

 
 
 

0.5 
0.4 
0.3 

 

 
 
 

79JPC 
125JPC 

G. bulloides 

0.2  64JPC 
87JPC 

0.1 
0 

-0.1 
-0.2 
-0.3 
-0.4 
-0.5 
-0.6 
-0.7 
-0.8 
-0.9 

-1 
-1.1 
-1.2 
-1.3 
-1.4 
-1.5 
-1.6 
-1.7 
-1.8 
-1.9 

-2 
0 2 4 6 8 10  12  14  16  18  20  22  24  26  28  30 

KYr BP 
 
 
 
Figure 3.8| Bay of Plenty δ13C for the planktonic foraminifera G. bulloides cores: 79 JPC 
(blue), 125 JPC (green), 64 JPC (red), 87 JPC (black), and the ensemble average for the cores 
(thick black line). 
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Figure 3.9 
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Figure 3.9| Bay of Plenty δ18O for the planktonic species G. inflata.  Cores: 79 JPC (blue), 125 
JPC (green), 64 JPC (red), 87 JPC (black). The average of the several cores ensemble (thick 
black line). 
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exhibited a gradual depletion trend, 79 JPC shifting from 0.9‰ to 0.6‰, 125 JPC shifting from 

 
.9‰ to 0.4‰, 64 JPC and 87 JPC both shifted from 0.8‰ to 0.4‰, with minimum values in all 

cores between 15-14 kyr BP. During the ACR all cores had a 0.2‰ enrichment.  Into the 

Holocene all cores possess had mean values of 0.7-0.8‰. 

Combined cores 83 JPC/TC possessed an average δ13Cbul of -.4‰ during the LGM 
 
(Figure 3.10). Between 21 and 19 kyr BP there was a major excursion from the rest of the 

ensemble with δ13Cbul enriched by 1.0‰ from -.4‰ to .4‰.  The subsequent deglacial 

depletion was similar in magnitude to the other cores (0.4 to -1.4‰) however the depletion 

spans a greater interval (20 to 15 kyr BP). After an extended deglacial step change δ13Cbul 

values became highly irregular and differ from the ensemble average (Figure 3.10). This can 

be attributed to the stratigraphy issues with this core.  The δ13Cinf track well with the other cores 

during some intervals (Figure 3.11). During the LGM δ13Cinf had a mean value of 0.8‰ with a 

maximum of 1.0‰ occurring at 20 kyr BP. A subsequent decrease to a value of 0.4‰ lasted 

until 13.8 kyr BP and after 13.8 kyr BP the δ13Cbul averaged 0.7‰ with a maximum value of 

1.1‰. Core 83 TC is highly variable and irregular when compared the rest of the ensemble. 

3.3.4 Bioturbation 
 

 
 

There is a 2,000 offset in the isotopic onset of the deglaciation between the results of 

the G. bulloides and G. inflata δ18O records.  In order to confidently interpret this lag as an 

oceanographic phenomenon it is important to ascertain that this lag is not the result of 

differential bioturbation impacting the foraminiferal isotopic signature.  In this study two 

methods, population assemblage counting and bioturbation modeling, were employed to 

explore whether bioturbation was responsible for the offset between species. 
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Figure 3.10| Bay of Plenty δ13C from the planktonic species G. bulloides.  Core 83 JPC/TC 
(turquois) is compared to the ensemble average (thick black line). Note the difference in timing 
of the deglacial shift in 13C between 18 and 20 kyr BP. 
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Figure 3.11| Bay of Plenty δ13C of the planktonic species G. inflata in  core 83 JPC/TC 
(turquoise) is compared to the ensemble average (thick black line).  Note the difference in 
timing of the deglacial shift in 13C between 18 and 20 kyr BP. 
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Assemblage Counts 

 
Bioturbation is the mixing of sediment by benthic organisms which may differentially 

sort populations of foraminifera when they have differing abundances (e.g. Guinasso and 

Schink, 1975; Peng and Broecker, 1984). The magnitude of the effect can be assessed by 

examining population peaks of the different foraminifera and where in the core they occur 

(Peng and Broecker, 1984).  It has been shown that if changing populations of different 

foraminifera do not track well with each other it may be a result of differential mixing of a 

younger population of foraminifera with an older population which can bias the isotopic signal 

among them (Broecker et al., 1999; Hutson, 1980).  The relative species abundance for G. 

bulloides and G. inflata in both core 87 JPC and 125 JPC are similar (Table 3.2). In core 87 

JPC there are distinct minima in both species of planktonic foraminifera at 70.5 cm and a 

distinct maximum at 84.5 cm. The similarity in both core 87JPC and 125 JPC suggests that 

bioturbation is not affecting the isotopic signal and bioturbation cannot account for the offset in 

the deglacial isotopic onset in the two species. 

 

Bioturbation Model 
 

A bioturbation model was used to verify empirically whether bioturbation affected the 

relative timing of the deglacial onset in the G. bulloides and G. inflata.  An ideal model of 

isotopic values was developed in which the deglacial shift in isotopic values of G. bulloides and 

G. inflata were kept the same but the population counts were matched to test if a bioturbation 

impulse function is enough to create an offset in the resulting timing mimicking the observed 

deglacial onset. The bioturbation model takes the form of Hutson (1980): 

𝐼(𝑑) = 𝑚 
𝑖=1 ()∙𝑃()∙(), 

𝑚 

𝑖=1 ()∙𝑃() 
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where I(d) represents the mixed isotope value at depth d resulting from the impulse function; 

H(i) represents the ith value of the impulse response function; P(j) is the population total of the 

species at depth j; m is the vertical length of the impulse response function; j is the depth over 

which the impulse response function operates. The population assemblage data were linearly 

interpolated to represent every 1 cm of core from 155 to 230 cm (Figure 3.12a). The idealized 

isotopic values were constructed to have the onset of the glacial termination occur at 183cm for 

both species of foraminifera (Figure 3.12b).  For simplicity purposes the bioturbation impulse 

function was created as a Gaussian curve with an m of 31cm (Figure 3.12c). The bioturbation 

model illustrates that an isotopic offset cannot result from bioturbation if the population counts 

track with each other (Figure 3.12d). This simulation confirmed that a bioturbation impulse 

function could not have caused the observed offset in the deglacial isotopic change.  Therefore 

the offsets in the response of deglacial onset in G. bulloides and G. inflata must be real. 

 

3.3.5 δ18O Sea Water Estimation 
 

The oxygen isotopic composition of foraminiferal calcite provides information about 

the oxygen isotope composition of the water mass.  The, largest influences on δ18O of ocean 

water (δ18OSW) are the temperature at which the calcite precipitates and the ice volume effect 

on the global ocean. The effect of these two parameters must be removed to use δ18OSW to 

estimate changes in salinity and latitude of the source location of subsurface waters. The 

equation of Shackleton (1974) describes the thermal of effect on δ18O during calcification 

T°C= 16.9-4.0(δ18Ocalcite-δ18Ow) 



δ
δ
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To remove the ice volume effect on the δ18Ocalcite the, δ18Obul as measured (‰VBD), must be 

converted to units of units of standard mean ocean water used in the measurement of global 

mean ice volume: 

δ18Obul(‰ VBD) = δ18Obul (‰ SW) – 0.27 
 
The ice volume effect on δ18Obul (SW) can be back calculated by using the 30 kyr sea level 

reconstruction of Peltier and Fairbanks (2006) and converting their sea level height values to 

an estimate of δ18OSW caused by the storage of ice at high latitudes: 

δ18Oice(SW)=SLH*(-0.011) 
 
This provides the effect of the ice volume, as interpreted by sea level change.  The storage of 

ice at high latitudes results in the enrichment of ocean isotopic values, and the negative signal 

must be added back to the δ18Obul (SW) to acquire a δ18O that no longer reflects a change in ice 

volume (δ18Oequ): 

δ18Obul + δ18Oice= δ18Oequ 

 
The SST as inferred from the Mg/Ca calibration (previous chapter), was used to estimate the 

thermal effect on δ18Ocalcite. Substituting this SST into the Shackleton (1974) equation allows 

the calculation of δ18OSW: 

δ18OSW (SW) = (T°C-16.9)/4.0 - δ18Ocalcite (SW) 
 
The resulting δ18OSW value now reflects only salinity and Rayleigh distillation and can be used 

to interpret the latitude and or salinity of the water masses (Broecker, 2002). Combining the 1σ 

standard error of the SST calibration, 0.8°C, with the 1σ standard error of the δ18Obul 

calculation, .08‰, yields a 1σ standard error of +.21‰ in the δ18Osw calculation (Figure 3.13). 
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Figure 3.13| Reconstructed δ18O of sea water (δ18OSW) for core 87 JPC from the Bay of Plenty. 
In order to analyze δ18OSW the ice volume and temperature effect on δ18O was first removed. 
The sea level reconstruction by Peltier and Fairbanks (2006) and the temperature equations of 
Shackleton et al. (1974) were used to remove these effects resulting in a reconstruction of 
δ18OSW. The error bars reported are due to uncertainties in the variables input into these 
equations: δ18O sea level estimation, the δ18O of G. bulloides, and the Mg/Ca calibration. 
Because of the uncertainties here we highlight four large scale features in our reconstruction 
(black dashed line). The one sigma error bar of +0.2‰ associated with errors in the 
estimations translated through the δ18Osw calculation are reported. These four intervals of 
change are indicative of a four step change in surface water δ18OSW bringing our surface water 
mass from the last glacial maximum through to the Holocene. 
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The resulting δ18OSW reconstruction shows significant differences between the LGM and the 

Holocene (Figure 3.13). During the glaciation, δ18OSW values averaged -0.2‰. 

Beginning at 23 kyr BP a 0.2‰/kyr increase occurred with a three point maximum in δ18OSW of 

0.5‰ at 20 kyr BP.  After this peak there were two distinct shifts in surface water δ18OSW. 

After the deglacial onset until the ACR, the δ18OSW average was 0.2‰ more enriched than the 

glacial average.  After the ACR, δ18OSW values were highly variable but remained more 

enriched, on average by 0.2‰ into the Holocene.  The depleted 18OSW values during the LGM 

suggests that surface waters were either sourced at higher latitudes and/or were fresher at that 

time relative to modern waters in this region. The enrichment spike at the onset of the LGM 

suggests that a pulse of low latitude/saline water was advected into the Bay of Plenty followed 

by another rapid shift.  After the shift back there was a gradual shift toward more enriched 

values, which persists into the Holocene indicating water masses gradually became either more 

saline or were sourced from lower latitudes. This series of three step changes between the 

glaciation and the Holocene. 

3.4 Discussion 
 
 
3.4.1 Evaluation of Bay of Plenty Stable Isotope Ensembles 

 
Cores 64 JPC, 79 JPC, 87 JPC, and 125 JPC all have broadly similar deglacial isotopic 

records from the LGM to the Holocene with minor inter-core variability. At the δ18O and δ13C 

values for each species were interpolated to the same stratigraphy (0-30 kyr; n=301) and 

averaged; to create a collective ensemble representative of the Bay of Plenty (Figure 3.6, 3.7, 

3.8, 3.9). 
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Within the Bay of Plenty ensemble the deglacial the δ18O and δ13C response of the 

shallower species, G. bulloides, differs from that of deeper subsurface species, G. inflata. 

There exists a two thousand year lag in the timing of the δ18O deglacial onset between G. 

inflata to G. bulloides (Figure 3.14). The bioturbation modeling analysis conducted in two of 

the cores (described above; Hutson, 1980) verifies that this temporal offset is not a result of 

bioturbation.  This suggests that the offset must result from the most shallow interior water 

mass, around 50 meters water depth, having experienced a δ18O shift two thousand years earlier 

than the deeper subsurface water mass ~50 to 100 meters below the surface. At the same time 

~20.1 kyr BP, there was a step change in the δ13C of G. bulloides indicating the shallower 

interior water mass that did not occur in the deeper waters of the subsurface water column 

inhabited by G. inflata (Figure 3.14). 

King and Howard (2004, 2005) showed that the calcite of G. bulloides and G. inflata 

possess different isotopic offsets compared the actual δ18O and δ13CDIC in the water column. 

Acknowledging these offsets interpretations on the timing and amplitude of the isotopic 

changes as they relate to the water chemistry at these two different depths in the water column 

are possible and useful.   The differences in the deglacial isotopic response between these two 

species indicate that there were fundamental changes in the two subsurface depths in the 

Southwest Pacific Ocean. 

 

Shallow interior (<50m) Water Mass Shits 
 

The G. bulloides record of shallowest interior water mass had depletions in δ18O 

occurring at 20.1 kyr BP (Figure 3.14a). Three factors are known to affect the δ18O isotopic 

composition of foraminifera on glacial to interglacial timescales: 1) the storage of isotopically 
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Figure 3.14| Bay of Plenty ensemble averages for G. bulloides δ18O (blue) and δ13C (green), 
along with G. inflata δ18O (red) and δ13C (black).  Note the δ13C step change in the shallow 
surface begins at ~20 kyr BP while the thermocline depletion does not occur until ~17.5 kyr 
BP.  The timing of the deglacial δ18O shift also occurs at 20 kyr BP in the shallow surface 
while the thermocline proxy does not begin until ~17.5 kyr BP.  Recall these temporal 
differences cannot be a result of bioturbation. 
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depleted water in the form of large ice sheets 2) temperature impacting the thermal 

incorporation of water δ18O into the shell 3) salinity and fractionation associated with the 

source latitude of the interior water mass.  This shallow interior shift observed in the Bay of 

Plenty occurred before the major change in sea level at18.5 Kyr BP (Peltier and Fairbanks, 

2006) and therefore must reflect a change in temperature and/or salinity.  Isotopically depleted 

values are associated with fresher water masses and higher latitudes, such as the Southern 

Ocean, and enrichment with more saline water masses from lower subtropical latitudes (Figure 

1.1). The reconstructed δ18OSW (Figure 3.13) spiked at the same time. Together these suggest 

there was a shift in source of these water from higher latitudes to lower, more tropical latitudes 

(Figure 3.14). 

Concurrently, the G. bulloides δ13C signal began a two thousand year 0.8‰ depletion 

from 21kyr BP to 19 kyr BP (Figure 3.14a). δ13C changes can result from two processes: 1) 

changes in productivity with enhanced surface productivity taking in the lighter isotopes of 

carbon leaving the remaining dissolved inorganic carbon (DIC) pool available to shallow 

subsurface foraminifera isotopically heavy or 2) changes in the provenance and time of 

sequestration of the water masses with water masses that flow in from greater distances having 

accumulated a more depleted respired CO2 signal along its flow path.  This second mechanism 

implies δ13C isotopic changes in this region resulted from a respired CO2 signal with depleted 

δ13C values having a distal and enriched δ13C a more proximal source location.  The δ13C 

depletion at 20.1 kyr BP suggests there was a step change from a proximal source in the 

glaciation to more distally sourced thermocline waters at the start of the deglaciation.  The 

concurrent δ13C depletion and  δ18OSW enrichment strengthens the interpretation that there was 

a shift in the source of shallow interior waters from the more proximal sourced Southern Ocean 
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in the LGM (Figure 3.14a) to more distal subtropical water that persisted throughout the 

deglaciation (Figure 3.14b). 

Some portion of the δ13C step change at the onset of deglacial warming may be 

attributable to δ13C equilibrium theory as there is a high dependence of δ13C fractionation on 

temperature (Mook, 1974).  Air-sea exchange impacts δ13C with colder waters able to hold 

more CO2. In addition, during the dissolution of CO2 into surface waters a fractionation occurs 

that is also temperature dependent.  The greater capacity of colder waters to dissolve CO2 and 

the greater fractionation at lower temperatures causes enriched δ13C (Emerson and Hedges, 

2008). However, in the New Zealand region, equilibrium is not usually reached because of the 

low residence time of surface waters.  Therefore, air-sea exchange and the dependence of δ13C 

fractionation on temperature is not a significant concern in the deglacial record around New 

Zealand. 

After the deglacial step, the δ18O and δ13C data exhibited a slow continuous shift  

toward Holocene conditions.  Most of the variability in the raw δ18O signal is due to ice volume 

(Peltiers and Fairbanks, 2006) and the effect of SST changes (Figure 2.3) on the thermal 

incorporation of the δ18O.  The δ18OSW reconstruction allows a clearer examination of the 

composition of shallow surface waters masses, and indicates there was a gradual shift to lower 

latitude, and or more saline source through the deglaciation (Figure 3.15). The supporting 

information from the δ13C implicating a more distal source supports more input of tropically 

sourced waters  similar to the STMW dominating in the modern era (Bostock et al, 2010). A 

more distal source location combined with the lower latitude source signal suggests that after 

the step change a greater volume of this water mass was sourced through the Equatorial Pacific. 
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Figure 3.15| Comparison of deglacial changes in surface foraminifera δ13C (red) with changes 
in the reconstruction of δ18OSW (blue) as depicted by Bay of Plenty sediment core 87JPC. Note 
that in the LGM, there is both a depleted δ18OSW, which is indicative of a higher latitude fresher 
signal, and as enriched δ13C, which can be indicative of proximal source water locations. The 
combination strengthens the case for a Southern Ocean dominated source.   In the Holocene 
enriched δ18OSW, indicative of a lower latitude more saline signal, is accompanied by depleted 
δ13C, which can be indicative of longer flow path from source water locations. The 
combination suggests a dominance of waters from more distant tropical locations. 
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Deeper Subsurface (~100 m) Water Mass Shifts 

 
The G. inflata record of deeper subsurface waters in the Bay of Plenty differs markedly 

from that of G. bulloides.  The δ13C was very steady with only a minor depletion of less than 

0.3‰, beginning 17.5 kyr BP.  Little to no change in subsurface water mass source occurred 

between the LGM and the Holocene.  There was a low amplitude isotopic minimum at 14 kyr 

BP coincident with the global minimum δ13C event described by Spero and Lea (2002) and 

discussed in greater detail in the subsequent section.  The δ18Oinf depletion was coincident with 

sea level increase (Peltier and Fairbanks, 2006) suggesting that global ice volume was the 

principle component of the deglacial δ18O depletion.  This is in stark contrast to the major 

source water shifts in shallower subsurface waters in the Bay of Plenty recorded by G. 

bulloides.  This strongly suggests that water masses with different histories are present in the 

subsurface water column at the Bay of Plenty with a northern end member influencing the 

deeper subtropical shallow water column in the New Zealand region. 

 

3.4.2 Regional near-surface circulation changes LGM to Present 
 
 
Last Glacial Maximum (22-20 kyr BP) and Deglacial Onset (20-19 kyr BP) 

 
During the LGM the shallow-surface water column in the in the New Zealand region of 

the Southwest Pacific Ocean had a different vertical structure than the Holocene (Figure 

3.16a,c,d) with the isotopic properties and different source location of the sub-thermocline 

water masses. The position of the subtropical front (STF), the convergence region of 

subtropical water masses to the north and subantarctic water masses to the south, remained in 

the same position during the Holocene and the LGM (Sikes et al. (2002) supporting previous 

arguments that the front remained bathymetrically fixed on glacial interglacial time scales 
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Figure 3.16 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16 Compilation figure of the New Zealand region subsurface isotopes, Southern 
Ocean upwelling, and Antarctic atmospheric isotopes from the LGM to the Holocene. a, Bay of 
Plenty G. bulloides surface δ13C (green; this study) and G. bulloides surface δ13C (black; 
Carter et al., 2008) b, δ18OSW reconstruction derived from raw Bay of Plenty δ18Obul c, Bay 
of plenty G. inflata subsurface δ13C (maroon, right axis; this study), Hawks Bay G. inflata 
subsurface δ13C (red, right axis; Carter et al., 2008) and Chatham Rise G. bulloides surface 
δ13C (purple, left axis; Pahnke and Zahn, 2005) d, Δδ18O for sub-thermocline foraminifera in 
the Bay of Plenty (vomit green) and Hawkes Bay (light teal) e, Opal fluxes (left), a proxy for 
Southern Ocean upwelling, from sediment core TN057-13-4PC (53°S, 5.1°E; blue), 
atmospheric δ13C (right) show as Monte Carlo mean reported by Schmitt et al., (2012) . 
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(Heath, 1972; Jillet, 1969; Shaw and Vennel, 2001).  Today, core MD97-2120, on the western 

end of the south Chatham Rise, lies south of the STF underlying SAMW today (Pahnke and 

Zahn, 2005).  Because the STF didn’t move in the LGM, shallow dwelling foraminifera at this 

site can be assumed to have recorded the SAMW during the LGM.  In this core the G. bulloides 

carbon isotope values during the LGM are enriched (Figure 3.16a) indicating the ventilation 

and proximal source of SAMW in the LGM was similar to today.  In Hawkes Bay, isotopic 

values of G. inflata at MD97-2121, (Carter et al., 2007), track well with surface foraminifera at 

the south Chatham Rise suggesting the presence of SAMW in the subsurface (Figure 3.16c). 

This suggests that even well north of the STF a large component of the shallow ocean was 

under the influence of colder SAMW (Weaver et al., 1998; Carter et al., 2002; Pahnke and 

Sachs, 2006; Carter et al., 2007) during the LGM.  Carbon isotopes of G. bulloides, surface 

foraminifera at Hawkes Bay were more enriched than modern values during the glaciation 

(Carter et al., 2008; Figure 3.16a). This suggests that there was a difference in water mass 

provenance at the LGM.  The combined δ13C and δ18OSW from the Bay of Plenty indicated 

shallow subsurface waters there came from a nearby high latitude source similar to Hawkes 

Bay and the South Chatham Rise.  Unlike today, a component of shallow interior SAMW may 

have advected along a more direct path north from the STF thru Hawkes Bay to the Bay of 

Plenty carrying with it a proximal Southern Ocean signal. 

The thermocline proxy can assist in placing the source water changes in the context of 

volume.  The thermocline depth for the Hawkes Bay was calculated from previously published 

G. bulloides and G. inflata δ18O for comparison to the Bay of Plenty discussed in section 3.3.2 

(Figure 3.17).  During the LGM in Hawkes Bay more negative δ18O values suggest that the 

thermocline was shallow and there had been shoaling of the thermocline placing a thicker layer 
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Figure 3.17 
 

 
 
 
Figure 3.17| A comparison of Hawkes Bay (light blue) and Bay of Plenty (gold) Δδ18O. Note 
the during the deglaciation (20-18kyr BP) Hawkes Bay and the Bay of Plenty both have a 
shoaling of the thermocline evidenced by Δδ18O. The Bay of Plenty thermocline remains 
shoaled into the Holocene whereas the Hawkes Bay thermocline depth is highly variable until 
the ACR after which the thermocline remains permanently shoaled with similar Δδ18O values 
to the Bay of Plenty. 
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of SAMW in the subsurface ocean to the east of the North Island (Figure 3.16d).  In the Bay of 

Plenty LGM, the thermocline proxy was close to zero (Figure 3.16d) indicating a deeper 

thermocline or a less stratified surface ocean.  In the glacial Bay of Plenty, a thicker mixed 

layer contained a greater component of proximally sourced fresher SAMW (Figure 3.16a,c,d). 

Anderson et al. (2009) show reduced upwelling in the Southern Ocean during the LGM.  This 

reduction may have resulted from southern hemispheric conditions where the southern 

hemisphere trade winds were weakened and shifted north (Russell et. al., 2006; Toggweiler et 

al., 2006; Toggweiler 1999) impacting the mixed layer in the Bay of Plenty.  Nonetheless, 

SAMW was present at shallower depths near Hawkes Bay, resulting in a shoaled thermocline 

and allowing these water masses to become a more integral component of the surface water 

mass in the Bay of Plenty. 

During the period of maximum ice sheet extension (20-19 kyr BP) changes began in the 

shallowest subsurface of the subtropical New Zealand region.  In the Bay of Plenty, these 

changes were marked by a pulse of subtropical saline waters that occurred in tandem with a 

clear shift from proximal to distally-sourced shallow interior waters.  In Hawkes Bay, a similar 

δ13C depletion in G. bulloides indicated a shift to distally sourced subtropical waters, as in the 

Bay of Plenty. The lack of change of the south Chatham Rise δ13C indicate no SAMW south of 

the STF. The G. inflata δ13C show no depletion, indicating deeper depths in both the Bay of 

Plenty and Hawkes Bay, had proximally sourced, likely Southern Ocean, water mass (Figure 

3.18). The common proximal signature at the latter three locations indicate the dominate water 

mass at deeper depths in the Bay of Plenty and at Hawkes Bay must be the SAMW seen in the 

shallow interior of the south Chatham Rise  (Figure 3.16a and 3.18a). 
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Figure 3.18 
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Figure 3.18| Two dimensional latitudinal transect of the shallow surface structure in the 
Southwest Pacific Ocean inferred from δ13C and δ18O of surface dwelling G. bulloides 
(square), and subsurface dwelling G. inflata (triangle). Data and interpretations from cores 
MD-97 2120 (blue; Pahnke and Zahn, 2005), MD-97 2121 (green; Carter et al. 2008), and the 
Bay of Plenty Ensemble (red; this study) are used to develop this model. Section a, is 
representative of likely glacial circulation and water column structure centered are 22-20 kyr 
BP b, represents circulatory patterns and water column structure defined by the early deglacial 
interval (16.7-14.5 kyr BP), and c, represents the early Holocene structure and circulation of the 
southwest Pacific Ocean. 
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Early Deglaciation (17-14.5 kyr BP) and ACR (14.1-12.4) 

 
During the early deglaciation the waters which dominated at the Bay of Plenty and the 

south Chatham Rise became similar to modern. In the Bay of Plenty the thermocline shoaled 

due to an influx of distal subtropical water masses (Figure 3.18b and Figure 19a).  Further 

south at the Chatham rise SAMW continued to dominate (Figure 3.18b).  In contrast, Hawkes 

Bay appears to have been be a battle ground between competing proximal subantarctic and 

distal subtropical influences as evidenced by the large swings in the Δδ18O the LGM to the 

ACR (Figure 3.17).  In Hawkes Bay, after the initial deglacial shift, ~20 kyr BP from proximal 

to distally sourced waters there were swings between them a distal and a proximal source up 

until 12.1 kyr BP (Figure 16, 17, 18b, 19a).  Moreover, these shifts to more proximal waters 

were coincident with shifts to deeper thermocline depths while the shifts to distal coincided 

with shoaled thermocline depths. The same pattern was evident in the Bay of Plenty however, 

only the salinity reconstruction suggested a high to low latitude source shift (Figure 3.16b). At 

Hawkes Bay a salinity reconstruction was not available. But, if we assume the Bay of Plenty 

pattern held true for Hawkes Bay, the thermocline and source shifts suggest there was a 

continuing tradeoff between equatorial Pacific and Southern Ocean sources.   At Hawkes Bay, 

this battle played out for the duration of the early deglacial interval establishing this mid- 

latitude location as key area for the tracing Southern Hemisphere source water shifts. 

Early in the deglacial transition there was a δ13C isotopic minimum event (Spero and 

Lea, 2002) that has been hypothesized to be related to a marked increase in Southern Ocean 

upwelling (Figure 3.16e) caused by the strengthening and southward shift of the southern 

hemisphere westerlies (Anderson et al., 2009; Toggweiler et al., 2006; Toggweiler, 1999). The 

carbon isotope minimum has been recorded in many locations of the world’s oceans and is 
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Figure 3.19 
 

a) b) 
 

 
 
 
Figure 3.19 .Schematic maps of the suggested changes in circulation a) glacial b) deglacial 
surface circulation.  Note that during the LGM subantarctic waters were a component of 
surface waters in the Bay of Plenty but after the onset of the deglaciation the Bay of Plenty is 
dominated by distally sourced Subtropical Mode Water (STMW; red) while the south Chatham 
Rise is dominated by proximally source Southern Ocean Subantarctic Mode Water (SAMW; 
blue). SAMW is getting passed the Subtropical Front (STF; purple) resulting in a deglacial 
battle for competing influence of SAMW and STMW at Hawkes Bay. 
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believed to have resulted from the transfer of highly depleted preformed δ13C, sourced from the 

deep water, that was advected north via AAIW and SAMW (Ninneman and Charles, 1997; 

Spero and Lea, 2002). Closely following this isotopic depletion in surface ocean waters, was 

depletion in atmospheric δ13C of the indicating that stored carbon was vented into the 

atmosphere (Schmitt et al., 2012).  The oceanic δ13C minimum was recorded on the south 

Chatham Rise, in the shallow sub-surface at Hawke’s Bay where SAMW was the dominant 

subsurface water mass, and in the deeper subsurface Bay of Plenty though at a much lower 

amplitude (Figure 3.16c).  In shallower layers of the Bay of Plenty the isotopic minimum 

manifested as a secondary depletion event embedded within the step change that was in phase 

with Southern Ocean upwelling increase (Figure 3.16e). This secondary isotopic minimum 

may have resulted from either a subdued SAMW component in the Bay of Plenty 

(Marino et al., 1992; Spero and Lea, 2002) or from the transfer of this signal through STMW 

from the upwelling in the Equatorial Pacific. The increased stratification of the Bay of Plenty 

water column at the same time contradicts the interpretation that this signal was mixing up 

from greater depths.  Therefore, it is more likely that an Equatorial Pacific component was 

responsible for the advection of this signal into the Bay of Plenty. Regardless of the 

mechanism, the carbon isotope minimum described by Spero and Lea (2002) was muted to the 

north, but evident in the shallow surface ocean in the region surrounding New Zealand 

attributable to increased venting of Southern Ocean deep water. 

The Antarctic Cold Reversal (ACR; 14.5-12.1 kyr BP) appears to have been a tipping 

point in this region of the subtropical Pacific, after which oceanic conditions trend towards 

modern.  During the ACR, at Hawkes Bay, the shallow surface waters shifted to distally 

sourced water masses and the thermocline shoaled, mirroring the initial early deglacial step 
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change in the Bay of Plenty (Figure 3.18a and Figure 3.19).  After the ACR step, the shallow 

interior water masses permanently shifted towards modern values as STMW took over. The 

ACR was a tipping point at Hawkes Bay but apparently elsewhere in the subtropical Pacific. 

During the ACR was an invigoration of the EAC to volumes similar to modern (Bostock et al., 

2004). Modeling studies indicate equatorial Pacific trade winds strengthened and shifted 

towards a more modern position (Bush and Philander, 2002). It is broadly evident that in the 

mid-latitude Pacific Ocean the ACR marks a step change towards surface circulation and water 

column structure more similar to that seen in the modern. 

 

Early Holocene (12.1 kyr BP-) 
 

After the ACR, water column structure in the New Zealand sector of the southwest 

Pacific Ocean resembled the modern ocean.  At Hawkes Bay and in the Bay of Plenty the 

thermocline shoaled to a modern position with a newly established dominance of STMW 

across the region north of the STF. At the south Chatham Rise, and in the deeper subsurface 

depths at the two northern sites, SAMW was isotopically similar to modern, with a less respired 

CO2 signal.  The regional water column and the vertical structure of the water column began to 

resemble today (Figure 3.16c). 

3.5  Conclusion 
 

In summary, during the LGM the shallow subsurface water masses had a much greater 

component of locally sourced Southern Ocean (high latitude) water.  In the mid-latitudes, the 

deglacial onset had a dramatic step change from nearby to more distant low latitude sources of 

subsurface water masses.  In the Bay of Plenty, the deglaciation played out with a gradual 

deepening of the thermocline as dominant water masses began to advect from lower latitude, 

distal locations.  At Hawkes Bay, the deglaciation played out as a battle for dominance between 
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proximal Southern Ocean source water and distal subtropical sources.   The ACR appears to 

have been a tipping point in the transition from LGM to Holocene, after which subantarctic 

water masses were tamed and hold their present day configurations.  Our results identify the 

mid-latitudes, such as the area offshore of the North Island, as a key region in deciphering 

Southern hemisphere source water shifts. 
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Chapter 4 
 
 

4.  Multi-proxy Synthesis 
 
4.1  Summary 

 
Multi-proxies were applied to cores in the Bay of Plenty to examine the deglacial 

Southwest Pacific Ocean SST and shallow subsurface properties. The Mg/Ca analysis of G. 

bulloides and the 𝑈
′ 
index of alkenones from cores 87JPC/TC provided SST records of the 

deglacial spring and summer SST changes in the Bay of Plenty.  The combination of these new 
 
SSTs records with  previously published SSTs from Hawkes Bay (core MD97-2121) and the 

South Chatham Rise (core MD97-2120) allowed for a regional comparison of subtropical and 

subantarctic seasonal SSTs.   The δ13C and δ18O of G. bulloides and G. inflata were used to 

track shallow and deep changes in the water changes in the sub-thermocline waters of the south 

Pacific Ocean. δ13C tracks changes in respired CO2 while the Δδ18O tracks changes in shallow 

surface stratification.  To estimate the δ18OSW the Mg/Ca SSTs were used to remove the 

temperature effect on δ18O and the ice volume effect was removed using the reconstruction of 

Peltier and Fairbanks (2006). The combination of these proxy records leads to a more 

comprehensive picture of seasonal temperature and thermocline source water changes 

throughout the deglaciation. 

The Bay of Plenty Mg/Ca and alkenone SST records in this study region are rectifiers 

for spring and summer temperatures.  This study assumes modern seasonal growth preferences 

hold true in previous climates.  During the LGM, 26-22 kyr BP, summer SSTs averaged 16.4°C 

after which they warmed until the ACR when SSTs plateaued at 19.5°C. Spring SSTs tracked 

well with summer SSTs through the ACR and remained 3.2-2.6°C cooler than summer SST. 
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Summer SSTs continued to rise after the ACR peaking as did local November insolation at 

10kyr BP when SSTs reach 21.5°C. Spring SSTs also warmed but did not peak until 8 kyr BP 

at the time September insolation reaches a maximum.  Comparing the Bay of Plenty spring and 

summer SST data to insolation models based on Milankovitch forcing indicates that the annual 

minimum insolation value tracked well with both seasons from the LGM through to the ACR, 

14.1 kyr BP. After the ACR there was a tight correlation of the spring and summer proxies to 

September and November insolation, respectively, highlighting the ACR as a tipping point after 

which SSTs track well with the monthly insolation expected to drive temperatures during the 

peak flux. The results of this study suggest that local SSTs were driven primarily by local 

insolation with shifts from being driven by minimum insolation to the insolation of the specific 

proxy’s season with the shift occurring at the ACR. 

The multi-proxy SST comparison in three New Zealand cores demonstrates that the 

LGM-Holocene difference in the subantarctic waters is less than the difference evidenced in 

subtropical waters.  In the Bay of Plenty, the greater difference of 4°C is a degree more than the 

south Chatham Rise site, 3°C. This greater SST change at the Bay of Plenty may have been 

caused by cooling from the influence of the northward shifted subantarctic winds during the 

LGM or warming resulting from enhanced influence of subtropical water masses sourcing in 

from the equatorial Pacific during the early Holocene. 

Planktonic foraminiferal stable isotopes in the Bay of Plenty during the LGM had 

depleted δ18OSW values of ~-0.2‰, coincident with enriched δ13C values.  The combination of 

these two lines of evidence indicates proximally sourced Southern Ocean waters were 

advecting as far north as the Bay of Plenty.  At the same time thermocline depth estimates from 

Δδ18O values (-0.2‰) indicate that when the Southern Ocean influence was apparent in the Bay 
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of Plenty the shallow interior Ocean was less stratified. At the onset of the deglaciation there 

was a brief pulse of low latitude saline waters as δ18OSW values reached a 1 kyr peak of 0.5‰. 

This pulse was marked by a shoaling of the thermocline as Δδ18O dropped to ~-0.4‰ and a 

shift to more distally sourced water evidenced by a rapid -0.4‰ shift in δ13C. After the pulse of 

low latitude/saline water masses δ18OSW dropped to ~0.0‰ and gradually rose to a Holocene 

average of ~0.3‰ suggesting a steady shift to more saline subtropical water masses. During 

this interval, 18 kyr BP to present the thermocline remained shoaled and waters remained 

distally sourced.  This combination of δ18OSW and δ13C data suggests that during the LGM the 

shallow Bay of Plenty was more greatly influenced by proximal Southern Ocean water and 

after the deglacial the sources shifted to a primarily distal, equatorially sourced, subtropical 

component. 

At the Hawkes Bay site, the initial deglacial step change tracked well with the Bay of 

Plenty step change as evidenced by the 1.0‰ δ13C depletion and a Δδ18O shift similar to the 

Bay of Plenty.  However at Hawkes Bay, the δ13C deglacial step change is followed by a series 

of flip-flops with δ13C varying between 0.3‰ and -1.4‰ until the onset of the ACR. 

Significantly, shifts to negative δ13C accompany more negative Δδ18O excursions. These 

swings suggest a battle between distal subtropical water shoaling the thermocline and proximal 

subantarctic influences deepening the thermocline. The ACR marked a shift at Hawkes Bay 

after which the thermocline deepened and waters were more distally sourced, marking the ACR 

as a major tipping point after which circulation is very similar to modern. 

4.2 Deglacial History of the New Zealand shallow surface Ocean 
 

During the LGM the Bay of Plenty and the Hawkes Bay shallow surface Ocean had a 

large component of cooler fresher subantarctic mode waters marked by a deepening 
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thermocline.  In the Bay of Plenty, deglacial warming began 21 kyr BP coincident with the 

pulse of low latitude saline source waters.  At 20.5 kyr BP δ18OSW peaked and δ13C began a 

rapid deletion indicating a maximum influence of distally saline subtropical water masses 

sourced through the equatorial Pacific was present in the region.  Concurrently, the Bay of 

Plenty thermocline began to shoal. At Hawkes Bay the summer SST rise also occurred at 21 

kyr BP.  The shoaling of the thermocline and depletion of δ13C were concurrent with events in 

the Bay of Plenty.  However, the Bay of Plenty δ13C depletion leveled off at ~19 kyr BP after 

which point the thermocline remained shoaled while the Hawkes Bay depletion continued until 

18 kyr BP after which the thermocline deepened and δ13C enriched.  Further south in the 

subantarctic waters at the south Chatham Rise spring and summer SSTs did not begin to 

increase until ~19 kyr BP at which point the surface δ13C at this site also began a more gradual 

depletion. 

SSTs continued to rise at all three through the early deglacial interval, 19 kyr BP to 14.1 

kyr BP.  At the Bay of Plenty, the thermocline remained shallow and the respired CO2 signal 

persisted steadily while the deeper δ13C began a moderate enrichment.  In the shallow surface 

at Hawkes Bay the thermocline depth shoaled in phase with δ13C enrichments flip-flopping 

throughout the entire interval.  The deeper δ13C at Hawkes Bay began a depletion which 

tracked well with that at seen in the south Chatham Rise surface Ocean. These depletions 

occur in phase with the increase Southern Ocean upwelling, all three peaking between 16-15 

kyr BP during which time the Southern Ocean upwelling is at a maximum value.  These 

depletions are attributed to the degassing of the Southern Ocean. 

At the onset of the ACR, 14.1 kyr BP the deglacial warming slows at all three sites, 

declining during the Bay of Plenty summer.  At this point the Hawkes Bay thermocline shoals 
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and distally sourced waters, similar to the Bay of Plenty, begin to dominate this region.  Also at 

the onset of the ACR, Southern Ocean upwelling ceased and the deeper water masses in the 

subtropical Pacific began a δ13C enrichment. After the ACR, 12.1 kyr BP, SSTs increased 

again and the shallow surface structure of in the New Zealand region began to resemble 

modern.  At the south Chatham Rise the rate of increase in summer SSTs was much faster than 

the subtropical alkenone records; this increase caused SSTs at the south Chatham Rise to 

overshoot later-Holocene values by 4°C at ~12.6 kyr BP.  Mid-Holocene peaks are evident in 

the Bay of Plenty at 10 kyr BP, and at Hawkes Bay around 9 kyr BP.  However, south Chatham 

Rise SSTs decreased over 2°C to modern values abruptly between 9-10 kyr BP while the 

subtropical sites have a more gradual temperature decrease in phase with local insolation. By 

8kyr BP the isotopic signatures in the vertical water column at all coring sites resembled 

modern values while the SSTs in the Bay of Plenty and Hawkes Bay continued to decrease 

steadily with local insolation. 

4.3 Synthesis 
 

The difference between LGM and Holocene SSTs is greater at the subtropical core sites 

than at the subantarctic core sites.  The combination δ18OSW, δ13C, and Δδ18O analyses 

indicate that during the LGM subantarctic sources had a proximal Southern Ocean component 

marked by a deeper thermocline while the Holocene was dominated by more distally sourced 

subtropical mode water and a shoaled thermocline. The comprehensive multi-proxy analysis 

shows that the increased subtropical influence which persisted into the Holocene contributed to 

a greater deglacial warming at subtropical sites than seen at the subantarctic site.  The warmer 

SSTs which persisted in the Holocene also likely contributed to the more stratified shallow 

surface ocean marked by the shoaling of the thermocline.  At 15 kyr BP the deeper 
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foraminiferal record had a δ13C minimum in linked to subantarctic water masses which was 

muted in surface foraminifera record. Warmer SSTs caused by the increased influence of 

subtropical water masses may have more strongly stratified the surface ocean, shoaling the 

thermocline, and limiting the amount of respired CO2 able to mix into the subtropical water 

masses muting the signal in surface foraminifera.  Therefore, the combination of stable isotopes 

and SST proxies lead to a more detailed interpretation of the deglacial changes through the 

investigation of SSTs and thermocline source water changes at the Bay of Plenty. 

The comparison of SST evidence to modeled insolation illustrates that the ACR was a 

tipping point in the deglacial progression.  After the ACR, SSTs no longer track well with the 

annual minimum insolation but instead shift and appear to be driven by the insolation predicted 

to drive the season of maximum export flux.  Maximum foraminifera flux occurs in October, 

SSTs lag insolation by two months causing August insolation to drive their SST signal. 

Alkenone flux maximum is November which fits well with September insolation driving the 

SST.  These two independent data streams establish the ACR as both a tipping point after 

which the modern SST response to insolation is established and also a tipping point after which 

the mid-latitude sub-thermocline water mass structure appears to shift towards a more modern 

structure but also a time after which the relationship between seasonal SST responses to 

seasonal insolation become similar to the modern.  The use of multiple proxies links the 

establishment of a more modern water column structure to the seasonal SST-seasonal insolation 

relationship. 

This multi proxy approach leads to a more comprehensive understanding of deglacial 

changes in the southwest Pacific Ocean because changes in SST can be interpreted alongside 

the isotopic interpretation of source water changes. 
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Appendix A.1: RR0503 79 JPC Stable Isotopes 
 

Depth 
(cm) 

Ages 
(kyr BP) 

G. inflata 
(Delta 13C PDB) 

G. inflata 
(Delta 18O PDB) 

G. inflata 
RUID# 

G. bulloides 
(Delta 13C PDB) 

G. bulloides 
(Delta 18O PDB) 

G. bulloides 
RUID# 

4.5 4.0591 0.71 1.76 20100527 -0.77 1.29 20100433 
16.5 5.6136 1.03 0.97 20100528 -0.76 0.14 20100434 
28.5 7.1682 1.05 0.90 20100529 -0.34 0.28 20100435 
36.5 8.2045 0.79 1.01 20100530 -0.69 0.34 20100436 
40.5 8.7227 0.68 0.67 20101379 -0.68 -0.04 20101387 
44.5 9.2409 0.79 1.04 20100531 -0.66 0.37 20100437 
48.5 9.7591 0.60 0.81 20101380 -1.05 -0.06 20101388 
52.5 10.271 0.70 1.08 20100532 -1.04 0.49 20100438 
56.5 10.773 0.64 0.97 20101381 -1.07 0.26 20101389 
60.5 11.266 0.62 1.17 20100533 -0.96 0.45 20100439 
64.5 11.749 0.58 1.12 20101382 -0.66 0.75 20101392 
68.5 12.224 0.70 1.48 20100534 -1.08 0.67 20100441 
72.5 12.688 0.74 1.44 20101383 -1.00 0.57 20101393 
76.5 13.144 0.64 1.58 20100535 -0.84 1.00 20100442 
80.5 13.59 0.60 1.37 20101384 -1.15 0.53 20101394 
84.5 14.025 0.58 1.90 20100536 -1.17 1.09 20100445 
88.5 14.448 0.55 1.75 20101385 -1.28 1.01 20101395 
92.5 14.859 0.43 1.97 20100539 -1.15 1.34 20100446 
96.5 15.259 0.51 1.75 20101386 -1.08 1.19 20101396 
100.5 15.647 0.61 2.03 20100540 -0.83 1.33 20100447 
112.5 16.748 0.83 2.18 20101127    
124.5 17.762 0.84 2.44 20100541 -1.12 1.61 20100448 
128.5 18.082 0.63 2.30 20101128 -0.88 1.69 20101120 
132.5 18.395 0.47 2.25 20101129 -0.56 2.02 20101121 
136.5 18.698 0.76 2.24 20101132 -0.86 1.43 20101122 
140.5 18.994 0.68 2.07 20101133 -0.85 1.42 20100829 
144.5 19.283 0.51 2.05 20101134 -0.98 1.39 20101123 
148.5 19.564 0.50 2.29 20101135 -0.60 1.82 20100824 
152.5 19.838 0.80 2.40 20100542 0.10 2.49 20100449 
156.5 20.105 0.80 2.32 20101136 0.37 2.63 20100825 
160.5 20.366 0.80 2.26 20101137 -0.07 2.20 20101124 
164.5 20.62 0.75 2.23 20101138 -0.30 1.91 20100826 
168.5 20.868 0.73 2.20 20101139 -0.72 1.43 20101125 
172.5 21.11 0.78 2.31 20101140 -0.57 1.61 20100827 
176.5 21.347 0.79 2.28 20101141 -0.59 1.59 20100828 
180.5 21.577 0.83 2.18 20100543 -1.00 1.65 20100450 
184.5 21.802 0.65 2.00 20101142    
192.5 22.236 0.82 2.18 20101143 -0.25 1.92 20101126 
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204.5 22.846 0.50 2.00 20100544 -0.66 1.63 20100451 
224.5 23.695 0.72 2.18 20100545 -0.37 1.76 20100452 
251.5 24.582    -0.56 1.54 20100453 
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Appendix A.2: RR0503 83 TC Stable Isotopes 
 

 
Depth 
(cm) 

 
Ages 

(kyr BP) 
  

G. inflata 
(Delta 13C PDB) 

 
G. inflata 

(Delta O18 PDB) 
 

G. inflata RU# 
 

G. bulloides 
(Delta C13 PDB) 

 
G. bulloides 

(Delta O18 PDB) 
 

G. bulloides RU# 

 
0.5   

0 
 

0.33 
 

0.43 
 

20101520 
 

0.38 
 

0.61  
1.5 0.05882    0.82 0.15  
2.5 0.11904    0.29 0.12  
3.5 0.18073    -0.19 -0.02  
4.5 0.24541    0.34 0.30  
5.5 0.3117    0.02 0.12  
6.5 0.37981    -1.19 -0.35  
7.5 0.45128    0.01 -0.11  
8.5 0.52461 0.97 0.27 20101220 -0.13 0.04  
9.5 0.60017    0.05 -0.06  
10 0.63958    -0.91 0.01  

10.5 0.67935    -0.20 0.20  
11.5 0.76037    0.63 -0.03  
13.5 0.93026 0.85 0.64 20101521 -0.04 0.13  
14.5 1.0186    0.32 -0.41  
15.5 1.1091    1.35 -0.37  
16.5 1.2026    1.21 -0.16  
17.5 1.2977    -0.23 -0.04  
18.5 1.3951 0.89 0.60 20101221 -0.15 0.22  
20.5 1.5966    0.46 0.37  
23.5 1.9224 0.94 0.59 20101522    
24.5 2.0415    0.72 0.37  
25.5 2.1666    0.84 0.23  
27.5 2.43    -0.22 -0.27  
28.5 2.5694 0.95 0.60 20101222    
29.5 2.7119    -0.01 -0.09  
30.5 2.8593    -1.39 -0.06 20101515 
33.5 3.3217 1.04 0.63 20101523    
38.5 4.1419 0.88 0.47 20101223    
40.5 4.4792    -0.43 0.50  
44.5 5.1515 1.02 0.76 20101224    
45.5 5.316    -0.75 -0.06 20101516 

50 6.0224    0.18 0.10  
50.5 6.0973 0.97 0.60 20101524    
55.5 6.7493 0.66 0.48 20101225 -1.26 0.13 20101517 
60.5 7.1953 0.89 0.69 20101525 0.11 0.14  
64.5 7.4451 0.76 0.46 20101226    
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65.5 7.5051    -0.59 0.00 20101518 
68.5 7.6914 0.84 0.71 20101227    
70.5 7.8249    -1.67 0.02 20101519 
73.5 8.0438 0.77 0.65 20101228    
75.5 8.2055    -0.13 0.16  
80.5 8.6622    0.15 0.27  
83.5 8.9684 0.76 0.85 20101229 -0.32 0.36  
85.5 9.1835    -0.47 0.37  
87.5 9.407 0.73 0.96 20101230 0.49 0.38  
89.5 9.6369    0.30 0.50  
92.5 9.9923 0.48 0.92 20101233 0.87 0.41  
95.5 10.357    0.61 0.16  
96.5 10.48    0.45 0.71  

100.5 10.975 0.54 0.84 20101234 0.23 0.46  
103.5 11.346    0.57 0.17  
104.5 11.468 0.55 0.98 20101235    
105.5 11.59    -0.84 0.11  
107.5 11.832    -0.40 0.86  
108.5 11.951 0.57 1.17 20101236    
110.5 12.184 0.61 1.02 20101397 -0.78 0.89  
113.5 12.522 0.60 1.19 20101237 0.08 0.50  
115.5 12.737    0.10 0.73  
117.5 12.942    0.22 0.31  
118.5 13.04 0.51 1.24 20101238    
119.5 13.135 0.60 1.37 20101398    
120.5 13.228    -0.86 0.89  
123.5 13.483 0.43 1.44 20101239 -1.29 0.68  
125.5 13.634 0.43 1.42 20101528 -1.35 0.70  
127.5 13.774 0.50 1.47 20101240    
130.5 13.971    -0.11 0.91  
132.5 14.095 0.64 1.56 20101241 -0.23 0.87  
134.5 14.214 0.66 1.47 20101529 -1.35 1.49  
136.5 14.327 0.60 1.79 20101399    
138.5 14.435 0.46 1.65 20101242 -1.10 1.10  
140.5 14.539    -0.85 1.43  
142.5 14.639 0.62 1.66 20101243    
144.5 14.735 0.46 1.84 20101530 -1.21 1.19  
146.5 14.826 0.60 1.75 20101400 -1.01 1.36  
148.5 14.915 0.53 1.86 20101244 -1.51 1.18  
150.5 15    -0.77 1.66  
152.5 15.085 0.49 1.98 20101245    
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154.5  0.67 1.77 20101531 -0.90 1.36 
156.5  0.76 1.56 20101532 -1.55 1.35 
158.5     -1.23 0.79 
160.5     0.08 0.65 
162.5  0.63 0.80 20101401 -0.47 0.23 
166.5  0.61 1.02 20101533   
170.5     -0.25 1.16 
172.5  0.58 1.35 20101402   
176.5  0.68 1.53 20101534   
180.5     -0.57 1.89 
182.5  0.79 2.17 20101403 0.23 2.37 
184.5 16.753    0.52 2.69 
186.5 16.999 0.86 2.12 20101535 -0.47 2.47 
190.5 17.468    0.37 2.40 
192.5 17.691 0.80 2.09 20101404 -0.17 2.16 
196.5 18.113    -0.42 1.89 
198.5 18.31 0.83 2.24 20101536 -0.34 2.25 
200.5 18.499    -0.32 1.95 
205.5 18.939 0.73 2.31 20101537 -0.29 2.14 
210.5 19.337 0.53 2.24 20101538 -0.49 2.01 
215.5 19.7 0.69 2.19 20101539 0.37 2.46 

  219.5   19.967   0.70   2.19   20101540   -1.20   1.76   
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Appendix A.3: RR0503 87 JPC Stable Isotopes 
 

Depth 
(cm) 

Ages 
(kyr BP) 

G. inflata 
(Delta 13C PDB) 

G. inflata 
(Delta O18 PDB) 

 
G. inflata RU# G. bulloides 

(Delta C13 PDB) 
G. bulloides 

(Delta O18 PDB) 
 

G. bulloides RU# 
 

0.5 6.25  
1.2 

 
0.88 

 
20090069 

 
-1.59 

 
0.49 

 
20100432 

2.5 6.4146 1.10 0.76 20100799 -0.82 0.53 20100701 
4.5 6.5851 1.12 0.64 20100800 -0.91 0.47 20100702 
6.5 6.7618 0.95 0.87 20100801 -0.67 0.23 20100703 
8.5 6.9452 0.77 0.94 20100802 -1.07 0.47 20100704 

10.5 7.1366 0.9 1.04 20090070    
12.5 7.3354 0.61 0.81 20100818 -0.92 0.27 20100455 
14.5 7.542 0.79 0.96 20100805 -1.03 0.40 20100714 
16.5 7.7574       
18.5 7.9827 0.73 0.98 20100806 -0.69 0.51 20100715 
20.5 8.2175 0.61 0.87 20090076 -0.84 0.32 20100456 
22.5 8.4623 0.83 0.71 20100807 -1.02 0.33 20100716 
24.5 8.7189 0.86 0.74 20100808 -1.05 0.09 20100717 
26.5 8.9879 0.77 1.11 20100809 -1.11 0.22 20100718 
28.5 9.2694 0.64 1.10 20100810 -1.06 0.59 20100719 
30.5 9.5641 0.79 1.28 20090077 -0.83 0.72 20100457 
32.5 9.8748 0.67 1.23 20100811 -0.80 0.27 20100722 
34.5 10.202 0.63 0.94 20100812 -1.29 0.31 20100723 
36.5 10.545 0.56 1.26 20100813 -0.92 0.60 20100724 
38.5 10.907 0.68 1.39 20100814 -0.90 1.00 20100725 
40.5 11.291 0.77 0.98 20091028    
42.5 11.697 0.66 1.49 20100838 -0.78 1.02 20100458 
44.5 12.126 0.70 1.49 20100839 -0.83 0.60 20100726 
46.5 12.58 0.72 1.75 20100840 -0.83 0.95 20100727 
48.5 13.072 0.69 1.71 20100255 -0.92 1.28 20100200 
50.5 13.59 0.54 1.63 20091030    
52.5 14.112 0.65 2.09 20100256 -0.69 1.20 20100201 
54.5 14.598 0.67 1.82 20100841 -0.74 1.04 20100729 
56.5 14.991 0.69 1.52 20100257 -0.64 1.32 20100202 
58.5 15.334 0.66 1.99 20100842 -1.17 0.92 20100730 
60.5 15.658 0.81 1.65 20090080    
62.5 15.973 0.63 1.67 20100258 -0.71 1.21 20100203 
64.5 16.282 0.58 1.69 20100843 -0.93 1.02 20100731 
66.5 16.589 0.83 1.98 20100270 -0.68 1.34 20100204 
68.5 16.893 0.66 1.86 20100844    
70.5 17.196 0.82 2.08 20091034    
72.5 17.498    -0.82 1.36 20100205 
74.5 17.8 0.83 2.06 20100271    
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76.5 18.099 0.86 2.23 20100272 -0.95 1.51 20100206 
78.5 18.392 0.61 2.12 20100847    
80.5 18.681 0.88 1.99 20090082    
82.5 18.966 0.76 2.31 20100273 -0.80 1.75 20100207 
84.5 19.246 0.92 2.32 20100849    
86.5 19.521 0.85 2.28 20100274 -0.82 1.61 20100208 
88.5 19.792 0.89 2.46 20100850 -0.24 2.23 20100767 
90.5 20.059 0.82 1.93 20090083    
92.5 20.322 0.77 2.35 20100275 -0.21 2.18 20100209 
94.5 20.581 0.71 2.22 20100851 -0.10 2.22 20100768 
96.5 20.836 0.79 2.25 20100276 -0.22 2.05 20100769 
98.5 21.087 0.78 2.42 20100852 -0.33 1.78 20100770 

100.5 21.334 0.85 2.39 20090084    
102.5 21.578 0.75 2.24 20100277 -0.40 1.90 20100213 
104.5 21.818 0.91 2.53 20100853 -0.59 1.69 20100771 
106.5 22.055 0.83 2.28 20100278 -0.22 1.96 20100774 
108.5 22.288 0.83 2.20 20100854 -0.30 1.98 20100775 
110.5 22.517 0.77 2.14 20090085    
112.5 22.744 0.72 2.24 20100279 -0.25 1.88 20100215 
114.5 22.967 0.70 2.29 20100855 -0.65 1.74 20100776 
116.5 23.187 0.76 1.85 20100546 -0.44 1.88 20100216 
118.5 23.404 0.76 2.14 20100086 -1.08 1.38 20100777 
119.5 23.511 0.59 2.01 20100547    
120.5 23.618 0.66 1.72 20090086    
122.5 23.829 0.75 2.07 20100087 -0.38 1.87 20100217 
124.5 24.037 0.69 2.12 20100856 -0.33 1.94 20100778 

126.75 24.293 0.68 1.92 20100088 -0.20 1.78 20100218 
128.5 24.445 0.91 2.13 20100857    
130.5 24.645 0.55 2.05 20090087    
132.5 24.842 0.80 2.11 20100548 -0.67 1.54 20100780 
134.5 25.036 0.87 2.23 20100089 -0.67 1.54 20100781 
136.5 25.228 0.76 2.07 20100858 -0.25 1.78 20100783 
138.5 25.417 0.76 2.02 20100859 -0.54 1.57 20100784 
140.5 25.604 0.83 2.19 20090088    
142.5 25.789 0.82 1.99 20100090 -0.71 1.40 20100220 
144.5 25.971 0.80 2.11 20100819 -0.32 1.86 20100792 
146.5 26.151 0.75 1.79 20100091 -0.57 1.44 20100221 
148.5 26.328 0.83 1.94 20100820 -0.50 1.72 20100793 
150.5 26.503 0.89 2.01 20090089    
152.5 26.677    -0.08 2.23 20100794 
154.5 26.847 0.84 2.09 20100549 -0.33 1.69 20100222 
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156.5 27.016 0.65 2.01 20100821 -0.40 1.77 20100795 
158.5 27.184 0.74 2.14 20100092 -0.22 1.79 20100796 
160.5 27.351       
162.5 27.519 0.91 1.98 20100822 -0.32 1.81 20100797 
164.5 27.686 0.82 2.06 20100085 -0.56 1.54 20100084 
166.5 27.854 0.91 1.98 20100822 -0.54 1.61 20100798 
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Appendix A.4: RR0503 125 JPC Stable Isotopes 
 
 
 
 

Depth 
  (cm)   

Ages 
(kyr BP)   

G. inflata 
(Delta 13C PDB)   

G. inflata 
(Delta O18 PDB)   

 
G. inflata RU#   

G. bulloides  
(Delta C13 PDB)   

G. bulloides 
(Delta O18 PDB)   

 
G. bulloides RU#   

0.5 0 0.65 0.89 20100124 -1.27 0.14 20100259 
8.5 0.5913 0.84 0.66 20104451    
16.5 1.2157 0.80 0.74 20100099 -0.86 0.24 20100045 
20.5 1.5413 0.74 0.74 20104452    
28.5 2.2209 0.53 0.71 20104453    
32.5 2.577 0.81 0.79 20100100 -0.95 0.15 20100046 
40.5 3.3218 0.78 0.77 20104454    
48.5 4.1138 0.86 0.74 20100101 -0.59 0.22 20100047 
52.5 4.5288 0.67 0.70 20104455    
60.5 5.402 0.80 0.79 20104456    
64.5 5.8614 0.79 0.70 20100102 -0.99 0.07 20100048 
72.5 6.8285 0.68 0.81 20104457    
80.5 7.8656 0.74 0.86 20100103 -0.88 0.07 20100049 
84.5 8.4181 0.49 0.77 20104458 -0.87 0.08 20111840 
88.5 9.0063 0.49 0.80 20104459 -0.68 0.65 20111841 
92.5 9.6231 0.59 1.06 20100104 -1.20 0.29 20100050 
96.5 10.263 0.63 1.18 20100108 -1.41 0.27 20100260 
100.5 10.918 0.65 1.37 20100106 -1.19 0.45 20100052 
104.5 11.58 0.51 1.12 20104460 -0.96 0.59 20111842 
108.5 12.237 0.73 1.20 20100107 -1.30 0.73 20100053 
112.5 12.873 0.60 1.35 20100105 -1.23 0.51 20100051 
116.5 13.466 0.41 1.62 20100111 -1.09 0.82 20100054 
120.5 13.993 0.48 1.25 20104461 -1.06 0.74 20111843 
124.5 14.446 0.52 1.21 20104462 -1.11 0.85 20111844 
128.5 14.848 0.67 2.07 20100112 -1.48 0.79 20100261 
132.5 15.217 0.36 1.54 20104463 -1.58 0.72 20111845 
136.5 15.565 0.39 1.69 20104464 -1.60 0.67 20111846 
140.5 15.897 0.42 1.84 20104465 -1.41 1.11 20111847 
144.5 16.218 0.66 2.27 20100113 -0.89 1.21 20100057 
148.5 16.53 0.39 1.85 20104466 -0.86 1.51 20111848 
152.5 16.836 0.52 2.01 20104469 -1.15 1.58 20111849 
156.5 17.137 0.48 1.92 20104470 -0.86 1.63 20111850 
160.5 17.434 0.87 2.46 20100114 -0.82 1.63 20100058 
164.5 17.727 0.87 2.25 20104471 -1.03 1.52 20111851 
168.5 18 0.72 2.10 20104472 -1.32 1.38 20111854 
172.5 18.229 0.56 2.02 20104473 -1.70 1.25 20111855 
176.5 18.43 0.72 2.16 20100115 -1.20 1.40 20100059 
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180.5 18.613 0.81 2.21 20104474 -1.30 1.32 20111856 
184.5 18.783 0.85 2.20 20104475 -1.92 1.18 20111857 
188.5 18.946 0.83 2.20 20104476 -1.58 1.32 20111858 
192.5 19.103 0.58 2.10 20100116 -0.96 1.65 20100060 
196.5 19.257 0.82 2.24 20104477 -1.47 1.42 20111859 
200.5 19.409 0.74 2.29 20104478 -0.45 1.98 20111860 
204.5 19.56 0.60 2.13 20104479 -1.18 1.43 20111861 
208.5 19.71 0.76 2.28 20100117 -0.40 1.93 20100061 
212.5 19.861 0.55 2.04 20104480 -1.33 1.28 20111862 
216.5 20.013 0.50 2.10 20104481 -1.02 1.57 20111863 
224.5 20.319 0.85 1.93 20100118 0.40 2.67 20100062 
228.5 20.475    -0.48 2.02 20111951 
240.5 20.954 0.66 2.00 20100119 -0.02 2.00 20100063 
244.5 21.118    -0.15 2.02 20111864 
256.5 21.624 0.45 2.09 20100120 -0.19 2.05 20100064 
288.5 23.086 0.79 2.24 20100121 -0.25 2.02 20100262 
304.5 23.863 0.69 2.12 20100122 -0.52 1.67 20100065 
320.5 24.66 0.62 1.94 20100526 -0.69 1.56 20100066 
336.5 25.478 0.71 2.13 20100265 -0.40 2.01 20100067 
352.5 26.315 0.83 2.16 20100268 -0.39 1.69 20100199 
356.5 26.524 0.71 2.19 20100269 -1.10 1.60 20100264 
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128.50 24.45 14.33 2.20 131.50 24.74 13.77 2.07 
 

132.50 24.84 13.71 2.06 
133.50 24.94 13.40 1.99 
136.50 25.23 12.49 1.80 

 
137.50  

25.32 
 

15.32 
 

2.44 
138.50 25.42 15.30 2.44 
142.50 25.60 13.54 2.02 
143.50 25.88 13.57 2.03 
144.50 25.97 13.73 2.06 
146.50 26.15 13.82 2.08 
150.50 26.50 17.08 2.95 
152.50 26.68 12.86 1.88 
154.50 26.85 12.46 1.80 
156.50 27.02 13.12 1.93 
158.50 27.18 14.08 2.14 
160.50 27.35 12.73 1.85 
162.50 27.52 11.22 1.57 
164.50 27.69 12.89 1.88 
166.50 27.85 13.97 2.11 
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Appendix B.2: RR0503 87 JPC/TC Alkenone SST 
 

 
 
  Core   

 
 

Depth  (cm)   
 
 

Age (kyr BP)   
 
 

UK37   
Temp. (oC) 
Prahl et al. 

1988   
 

Temp. (oC) Sikes & 
Volk 1993   

RR0503-87TC 2 0.1318 0.669 18.5 19.9 
RR0503-87TC 12 1.0097 0.689 19.1 20.4 
RR0503-87TC 22 1.8848 0.698 19.4 20.6 
RR0503-87TC 32 2.7568 0.738 20.6 21.6 
RR0503-87TC 42 3.6259 0.718 20.0 21.1 
RR0503-87TC 52 4.4922 0.732 20.4 21.4 
RR0503-87TC 60.5 5.2259 0.752 21.0 21.9 
RR0503-87TC 62 5.3554 0.695 19.31 20.6 
RR0503-87TC 62.5 5.3985 0.713 19.8 21.0 
RR0503-87TC 66.5 5.7425 0.723 20.1 21.2 
RR0503-87TC 70.5 6.0866 0.764 21.3 22.2 
RR0503-87TC 72 6.2156 0.725 20.2 21.3 
RR0503-87TC 72.5 6.2586 0.733 20.4 21.5 
RR0503-87TC 76.5 6.6014 0.761 21.2 22.2 
RR0503-87TC 80.5 6.9443 0.730 20.3 21.4 
RR0503-87TC 82 7.0728 0.683 19.0 20.3 
RR0503-87TC 82.5 7.1157 0.750 20.9 21.9 
RR0503-87TC 84.5 7.2865 0.755 21.1 22.0 
RR0503-87TC 88.5 7.6282 0.724 20.1 21.3 
RR0503-87TC 90.5 7.7991 0.741 20.6 21.7 
RR0503-87TC 92 7.9272 0.745 20.8 21.8 
RR0503-87TC 92.5 7.9699 0.721 20.1 21.2 
RR0503-87TC 96.5 8.3104 0.733 20.4 21.5 
RR0503-87TC 98.5 8.4806 0.745 20.8 21.8 
RR0503-87TC 100.5 8.6509 0.744 20.7 21.7 
RR0503-87TC 102 8.7785 0.724 20.1 21.3 
RR0503-87TC 104.5 8.9908 0.734 20.5 21.5 
RR0503-87TC 108.5 9.3301 0.745 20.8 21.8 
RR0503-87TC 112 9.627 0.737 20.5 21.6 
RR0503-87TC 114.5 9.8385 0.759 21.2 22.1 
RR0503-87TC 116.5 10.008 0.776 21.7 22.5 
RR0503-87TC 120.5 10.346 0.709 19.7 20.9 
RR0503-87TC 122 10.473 0.693 19.2 20.5 
RR0503-87TC 122.5 10.515 0.710 19.7 20.9 
RR0503-87TC 126.5 10.852 0.706 19.6 20.8 
RR0503-87TC 128.5 11.02 0.741 20.6 21.7 
RR0503-87TC 130.5 11.189 0.710 19.7 20.9 
RR0503-87TC 132 11.315 0.727 20.2 21.3 
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RR0503-87TC 132.5 11.357 0.721 20.0 21.2 
RR0503-87TC 136.5 11.693 0.705 19.6 20.8 
RR0503-87TC 140.5 12.028 0.699 19.4 20.7 
RR0503-87TC 142 12.154 0.678 18.8 20.1 
RR0503-87TC 142.5 12.196 0.699 19.4 20.6 
RR0503-87TC 144.5 12.363 0.683 18.9 20.3 
RR0503-87TC 146.5 12.531 0.679 18.8 20.2 
RR0503-87TC 150.5 12.866 0.712 19.8 21.0 
RR0503-87TC 152 12.991 0.689 19.1 20.4 
RR0503-87TC 152.5 13.033 0.679 18.8 20.2 
RR0503-87TC 160.5 13.7 0.686 19.0 20.3 
RR0503-87TC 164.5 14.033 0.717 19.9 21.1 
RR0503-87TC 168.5 14.366 0.597 16.4 18.2 
RR0503-87TC 169 14.408 0.582 16.0 17.8 
RR0503-87TC 170.5 14.533 0.625 17.2 18.9 

   RR0503-87TC   172.5   14.699   0.593   16.3   18.1   
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10.5 0.001 
Age 

(kyr BP) 
 

δ18OSW 
10.6 0.092 
10.7 0.208 
10.8 0.323 
10.9 0.437 

11 0.442 
11.1 0.429 
11.2 0.383 
11.3 0.338 
11.4 0.317 
11.5 0.309 
11.6 0.313 
11.7 0.310 
11.8 0.190 
11.9 0.070 

12 -0.036 
12.1 -0.135 
12.2 -0.128 
12.3 -0.090 
12.4 -0.038 
12.5 0.029 
12.6 0.093 
12.7 0.147 
12.8 0.200 
12.9 0.237 

13 0.290 
13.1 0.318 
13.2 0.307 
13.3 0.293 
13.4 0.279 
13.5 0.264 
13.6 0.248 
13.7 0.216 
13.8 0.171 
13.9 0.123 

14 0.072 
14.1 0.027 
14.2 -0.006 
14.3 -0.024 

 

14.4 -0.081 
14.5 -0.118 

Age 
(kyr BP) 

 
δ18OSW 

14.6 -0.122 
14.7 -0.062 
14.8 -0.001 
14.9 0.088 

15 0.158 
15.1 0.031 
15.2 -0.095 
15.3 -0.222 
15.4 -0.229 
15.5 -0.175 
15.6 -0.120 
15.7 -0.072 
15.8 -0.030 
15.9 0.007 

16 0.013 
16.1 -0.062 
16.2 -0.138 
16.3 -0.187 
16.4 -0.118 
16.5 -0.048 
16.6 0.011 
16.7 -0.007 
16.8 -0.025 
16.9 -0.042 

17 -0.047 
17.1 -0.051 
17.2 -0.057 
17.3 -0.076 
17.4 -0.095 
17.5 -0.113 
17.6 -0.096 
17.7 -0.074 
17.8 -0.051 
17.9 -0.029 

18 -0.008 
18.1 0.010 
18.2 0.021 

 

18.3 0.061 
18.4 0.104 
18.5 0.061 

Age 
(kyr BP) 

 
δ18OSW 

18.6 0.056 
18.7 0.052 
18.8 0.077 
18.9 0.079 

19 0.073 
19.1 0.060 
19.2 0.129 
19.3 0.173 
19.4 0.187 
19.5 0.135 
19.6 0.269 
19.7 0.454 
19.8 0.624 
19.9 0.577 

20 0.532 
20.1 0.488 
20.2 0.444 
20.3 0.400 
20.4 0.442 
20.5 0.508 
20.6 0.547 
20.7 0.468 
20.8 0.388 
20.9 0.224 

21 0.073 
21.1 0.026 
21.2 0.014 
21.3 0.002 
21.4 -0.025 
21.5 -0.060 
21.6 -0.115 
21.7 -0.237 
21.8 -0.247 
21.9 -0.196 

22 -0.132 
22.1 -0.077 

 

Appendix C.1: RR0503 87 JPC δ18OSW Calculation 
 

Age 
(kyr BP) 

 
δ18OSW 

6.6 0.209 
6.7 0.145 
6.8 0.157 
6.9 0.292 

7 0.307 
7.1 0.223 
7.2 0.146 
7.3 0.074 
7.4 0.129 
7.5 0.255 
7.6 0.301 
7.7 0.291 
7.8 0.303 
7.9 0.345 

8 0.373 
8.1 0.330 
8.2 0.286 
8.3 0.293 
8.4 0.310 
8.5 0.269 
8.6 0.129 
8.7 -0.012 
8.8 0.012 
8.9 0.075 

9 0.137 
9.1 0.205 
9.2 0.277 
9.3 0.332 
9.4 0.340 
9.5 0.348 
9.6 0.291 
9.7 0.124 
9.8 -0.041 
9.9 -0.162 
10 -0.191 

10.1 -0.192 
10.2 -0.192 
10.3 -0.129 
10.4 -0.064 



136 
 

  

23.5 -0.560 
23.6 -0.441 
23.7 -0.307 
23.8 -0.169 
23.9 -0.082 

24 -0.017 
24.1 -0.013 
24.2 -0.043 
24.3 -0.070 
24.4 -0.051 
24.5 -0.098 
24.6 -0.164 
24.7 -0.230 

 

24.8 -0.327 
24.9 -0.350 

25 -0.316 
25.1 -0.206 
25.2 -0.049 
25.3 -0.092 
25.4 -0.198 
25.5 -0.223 
25.6 -0.231 
25.7 -0.298 
25.8 -0.334 
25.9 -0.081 

26 0.098 
 

26.1 -0.151 
26.2 -0.207 
26.3 -0.063 
26.4 0.072 
26.5 0.204 
26.6 0.335 
26.7 0.365 
26.8 0.055 
26.9 -0.132 

27 -0.210 
27.1 -0.248 

 

 

22.2 -0.034 
22.3 -0.001 
22.4 -0.039 
22.5 -0.077 
22.6 -0.102 
22.7 -0.124 
22.8 -0.168 
22.9 -0.228 

23 -0.244 
23.1 -0.167 
23.2 -0.134 
23.3 -0.390 
23.4 -0.645 

 


