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ABSTRACT 

180/ 160 and. 13C/ 12C ratios of calcareous planktonic and benthic 

foraminifera from the Late Quaternary section of deep-sea sediment 

cores from the Tasman Sea and Southwest Pacific Ocean have been 

determined in this study. The core sites cover a latitudinal range 

from the equator to 49°S, and samples were provided by the Ocean 

Drilling Program and the New Zealand Oceanographic Institute. In most 

cases the cores were sampled at 10cm intervals. Generally, attention 

has been focused on the latest Quaternary (stages 1 to 5) glacial­

interglacial oscillations of the 8180 and 813C record, and aspects of 

their palaeoceanographic significance. Some longer sequences of core 

were also studied. 

Of the Southwest Pacific Ocean cores, 594 yielded the most 

detailed record for the past 130ky. Located just south of the 

Subtropical Convergence it has proved particularly sensitive to 

substage climatic fluctuations. In addition the high sedimentation 

rate (averaging ~13cm/ky) has reduced smoothing by bioturbation. Core 

594 has yielded one of the most detailed isotopic records available 

world-wide for stages 1 to 6. Concurrent carbonate analysis by Cooke 

(1988) has revealed a similarly detailed carbonate record whose rises 

and falls are more or less synchronous with the isotopic record. 

To the west of New Zealand Core 593 was analysed to 44m sub-bottom 

depth and a clear record of isotopic fluctuations back to the 55/56 

stage boundary was obtained. 

Sites 593 and 594 have thus provided useful isotopic reference 

curves for the Southwest Pacific region. 
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Consistent changes in the planktonic 8 13C record of some of the 

cores may reflect variations in CaC0 3 productivity linked to cyclical 

glacial-interglacial fluctuations. 

Glacial benthic 813C results support a decreased volume of NADW 

production. Resumption of NADW flow is marked in many cases by a 

transient drop in 813C values before rising to interglacial values as 

the relatively stagnant, isotopically lighter water is "flushed" from 

Deep Water flow paths. AABW appears to dominate during glacial 

periods. A northern shift of the Subtropical Convergence east of 

New Zealand is suggested (and supported by micropalaeontological data; 

Cooke, 1988), with a more restricted shift in the Tasman Sea. 

Interglacial Deep Waters appear to be dominated during 

interglacial times by AABW, whilst NADW is dominant in the Tasman Sea. 

Planktonic 813C results suggest a more southerly position of the 

Subtropical Divergence in the Tasman Sea during interglacial periods. 

Lead-lag relationships in the 8180 signal between surface and 

bottom-dwelling foraminifera over Termination IA reveal a pattern of 

meltwater circulating first to the surface waters at higher latitudes, 

and to bottom waters at lower latitude sites. A modification of the 

meltwater "lid" is proposed, with the lid extending only partially 

across the ocean surface, and not into equatorial regions. 
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Chapter One 



AN INTRODUCTORY REVIEW 

1.1 The Importance of Palaeoclimatic Studies 

Every year climate-related disasters forcefully remind us that 

human society is extremely vulnerable to climatic change. Any 

long-term alteration of current climatic trends would seriously affect 

the present balance of population and food production. Iceland 

provides a clear example of the vulnerability of some regions of the 

earth to even relatively minor climatic alterations (Bryson, 1974). He 

notes that in the late 1950s the mean warm-half-year temperature in 

Iceland was 7.65°C, and the Icelandic farmers were able to grow 4.33 

metric tonnes of hay per hectare, with the application of 2.83kg of 

nitrogen fertilizer per hectare. In 1966 and 1967 fertilizer 

application had risen to 4.83kg per hectare, yet hay yield had dropped 

to only 3.22 tonnes; this was attributed to a drop in the mean 

temperature to 6.83°C. In other words, a drop in mean temperature of 

only 0.82°C markedly overshadowed any increase in crop yield that 

might otherwise have been expected from the extra fertilizer. 

There is ample evidence to show that past climates were vastly 

different to those of today (Frakes, 1979). Morphological features of 

the European Alps (Goldthwaite, 1975) give clear evidence of past 

glaciation in regions no longer glaciated. Pollen and fossil evidence 

(e.g., Frenzel, 1968; Kershaw, 1973) likewise indicate dramatic 

vegetational change in response to changing temperatures. Hence there 

can be no reason to suppose that our modern climate is in any way the 

norm, and every reason to expect that it will one day be vastly 

different, and will continue to change as it has in the past. 
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Simplistic extrapolations of short-term temperature trends 

without any considerations of mechanisms or global processes were 

found to be inappropriate earlier this century when the warming trend 

of the 1890s to 1940s was reversed (Gribben, 1978). Speculation on an 

ice-free Arctic by the end of the century was seen to be a naive 

response to immediate physical evidence with no consideration of 

whether it indicated a short-term or long-term trend (Hecht, 1985). 

In order to more effectively predict future changes, any records 

of past temperatures would be of great value. However, because human 

records only go back for a comparatively short length of time 

(e.g., Manley, 1975), it is necessary to seek physical evidence of 

fluctuating temperatures in an attempt to determine both the extent 

and the time-scale of change. An understanding of the relationship 

between ocean surface temperatures, circulation, incoming solar 

radiation, insolation and air temperatures is essential for sensible 

climatic prediction. In addition, the increased impact of humans on 

their environment since the industrial revolution must be considered. 

The fate of fossil fuel CO 2 in the atmosphere has become of particular 

concern in recent years (e.g., Pastor and Post, 1988), as has the 

destruction of the ozone layer (e.g., Crutzen and Arnold, 1986). Any 

realistic proposal for the mechanisms which drive our changing climate 

would have to involve the interactions of all these factors. 

1.2 The Oceanic Record 

It has long been recognised that the world's oceanic sediments 

contain a record from which previous climatic conditions might be 

interpreted. Deep sea sediments collected during the first sampling 

operations in 1872 (voyage of H.M.S. Challenger) up until World War II 
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produced a sufficient quantity of material for scientists to recognise 

the difference in nature of surface sediments (from present-day 

interglacial conditions) compared to subsurface sediments (attributed 

to previous glacial conditions). Thus the importance of obtaining 

large numbers of cores over a wide geographical area, to give a global 

view of climatic change, was quickly realised. United States 

government funding in the 1950s led to a vast expansion in the amount 

of core material available, but technological limitations of coring 

methods meant that these were mostly short (a few metres long) piston 

cores. In 1966 the Deep Sea Drilling Project (DSDP) vessel Glomar 

Challenger employed the then newly developed rotary drill technique to 

obtain much longer cores, but this process still badly disturbed the 

unconsolidated late Quaternary sediments. Development of the hydraulic 

piston corer in the late 1970s finally enabled relatively undisturbed, 

long cores to be recovered (Warme et al., 1981). The DSDP was 

specifically designed to provide an extensive scientific data base 

from large numbers of long cores from the world's oceans, and much of 

this thesis is based on core materials supplied by them from the 

Southwest Pacific region. In addition to the long cores, a very much 

larger number of short piston cores have been collected by 

oceanographic institutes around the world, some of which have also 

been sampled in this study. 

There are several types of climatic indicators that can be 

measured in deep sea sediments. Stein and Sarnthein (1984) summarised 

the sedimentary variables and -their environmental significance, and 

their table is reproduced here as Table 1.1. 
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Table 1.1. Sedimentary variables and their environmental significance 

(from Stein and Sarnthein, 1984, table 1). 

Environmental = C: -;:J -0 

~ ~ E interpretation: ~ ::, .g ·> ::, 
:=: -a :~ ::, ::, -0 "' -0 

C: ~ "' -0 C C: 2, C: 

-0 
,., 

"' u ::, .5 < ,., 
"' -;;; 0 " :::; -C: <.> -;;; ::, 0. u C: " - <1= ~, "' C. 

~ 
-0 E -~ 0 

<.> -0 <.> <.> 
C: £ -0 -0 u 

:'.!- ,., <.> C: E C: er, r. 2 0 
<.> 

C) <.> 0 0. .:::. -a ::, ,., .-: r. ,., ~er, 
r. C: 

<.> > 
~ C: ] <.> .E C: 0 

~ ~ 0 E ~ "' -0 <.> 
" -:;; C) 

bO ::::;- ::; "' ~ -;; <.> u -0 u "' > 0 C: u 
"' "' "' C -~ -;;; ~ C: 0 u :;:: C: C: C: ,., C: 0 ot, ., 
"' ~ E -~ 

-0 0 0 0 "" " .-: v;i 
.,... 
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::, 0 

"' > u C: C: u -0 
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Signals: 
Sedimentary variables 

o 1SQ (benthos) Q s • 
o ISQ (plankton) s N 
60 18 0 (benthos vs plankton) s s 
o 13 C (benthos) s s s 
o13C (plankton) N 

Foram. fragmentation s 
Foram. assemblages s s N ------
% CaC03, flux rates (N) N s 
Hiatus N 
%opal (N) N (N) 

Aeolian sand turbidites Q 
Plant fibres s N 
Excess of clay fract. Q 
Terr. flux rates N N N 
Kaolinite s. N 
Chlorite, illite s 
Stained quartz S· 
Pollen assemblages Q s Q 
Terr. grain size Q s 

Q = quantitative, S ~ scmi-4uantitativc, N ·- non-quantita.tivc proxy data, -· , 0 absent, (N) special caution needed with interpretation. 

Some of the major climatic indicators are briefly discussed here. 

1. Micropalaeontological record 

(a) Fauna! assemblages of foraminifera: It has long been recognised 

that a close relationship exists between fauna! assemblages and 

environmental conditions (Murray, 1897). From this it was inferred 

( Phi 11 ippi, 1910) that the fossilised remains of planktonic 

foraminifera in deep sea cores would give information on past 

climates. Work by Schott (1935) on the influence of temperature on 

species distributions of material from the Meteor expedition 
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(1925-1927) was of great importance. He attributed the existence of 

Globorotalia menardii in sediments above deposits where G. menardii 

was not present to a post-glacial change in climatic conditions. This 

early work has been corroborated by subsequent research and the link 

between palaeoclimatology and planktonic foraminiferal variations is 

accepted. Such studies assume no change in the environmental 

tolerances of species through time (and hence evolutionary stability 

within their environs), enabling analogies to be drawn between the 

climatic preferences of modern species and their fossilised 

counterparts. Some first and last appearance levels of species can 

result from changes in climate, with a species no longer found in one 

region surviving in more favoured environments elsewhere. The 

application of regression equations relating modern planktonic census 

data to oceanic properties (transfer functions) has been 

comprehensively described by Imbrie and Kipp (1971). 

Ericson and Wollin (1954) noted that the coiling of foraminifera 

to the left or the right in modern species is dependent on geographic 

location, and that the boundary lines between sinistral and dextral 

coiling provinces shift with changing climate. 

(b) Radiolaria: These are an important planktonic species in 

palaeoceanographic studies. They are widely distributed in the world's 

oceans and are able to be recovered from regions of the Pacific where 

planktonic foraminifera have not been preserved (Moore, 1978). 

However, three main problems with radiolaria do exist. (i) The 

abundance of Cyclodophora davisiana (Morley and Hays, 1979) in glacial 

conditions with no analogous existence in modern times. (ii) The large 

numbers of rare radiolaria. (iii) Their depth habitat is such that 

they respond to subsurface conditions. 
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(c) Diatoms: These tend to be not generally found (Heath, 1974) except 

in highly fertile regions of the Pacific, and to date have been of 

limited use for palaeoclimatic studies. 

(d) Coccoliths: These have been used mostly for biostratigraphic 

zoning since, as a micropalaeontological tool, they present several 

problems: Evolutionary changes within species have resulted in there 

being no precise modern analogue for Late Quaternary species existing 

as recently as l0ky B.P. (Hecht, 1985). In addition they are 

environmentally insensitivity (Okada and McIntyre, 1977). However, 

recent work has shown that it is possible to produce a sensible stable 

isotope stratigraphy (Anderson and Steinmetz, 1983; Nelson et 

al.,1986) using polyspecific samples from nannofossil oozes. 

2. Pollens 

Since early this century it has been known that modern climatic 

conditions are reflected in vegetational distribution (e.g., Koppen, 

1900). Pollen preserved within sediments may thus be used to map 

former vegetational patterns with associated implications of climatic 

change. Pollen records are particularly useful as they fill the data 

gap between the long-term marine record and short-term terrestrial 

tree-ring data; pollen records may be resolved to 300-500 years (Webb, 

1982). Modern data that reflect the present climatic gradient may be 

used to calibrate pollen data from cores. 

3. Sedimentary record 

Areas which receive extensive input of terrestrial sediment are 

of great interest, as they can provide a record of successive on-land 

glaciations that may be directly correlated to the glacial periods 

determined through OXYgen isotope analyses. (The significance of 

oxygen isotope ratios is discussed in Section 3.1). 
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The preservation and dissolution of CaC0 3 within the sediments 

may also give important information and is well reviewed in Volat et 

al. (1980). Variations in CaC0 3 content may be successfully correlated 

to climatic fluctuations induced by changes in the Northern Hemisphere 

ice sheets (e.g., Nelson et al., 1986). In addition CaC0 3 content may 

also reflect productivity fluctuations in calcitic organisms, although 

conflicting conclusions of high or low productivity during 

interglacial periods can make interpretation difficult (see Section 

5. 3). 

4. Stable isotopes 

This thesis concentrates largely on the stable isotope signal 

derived from foraminifera, whose significance is discussed in the next 

section. 

1.3 Stable Isotope Ratios from Calcite 

Neutral oxygen contains three stable isotopes with the following 

abundances (Garlick, 1969): 

160 99. 763% 

170 0.0375% 

180 0.1995% 

Since 180 has a higher abundance and a greater mass difference 

when compared with 160, than has 170.compared with 160, and since all 

of the factors that contribute to separation are common to the three 

isotopes, it is usual to determine 180/160 as the oxygen stable 

isotope ratio. No additional information would be obtained from the 

technically more difficult measurement of either 180/ 170 or 17o/ 16o 

ratios. 
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The analytical technique employed also produces the 13 C/ 12C 

ratios, and these have been included for completeness, although their 

significance for palaeoclimatic studies is still not as clearly 

understood as the 180/ 16 0 information. Advances in our understanding 

of 13 C/ 12C ratios are discussed in Section 1.7. 

Urey (1947) undertook theoretical studies on the thermodynamic 

properties of oxygen isotopes 

suggested that carbonates precipitated from the same aqueous solution, 

but at different temperatures, should have a different 180 content. 

Urey recognised the significance of this theory for practical marine 

palaeoclimatology. 

Subsequent experimental work was conducted by McCrea (1950) who 

succeeded in inorganically precipitating CaC0 3 from solution. This 

inorganic CaC0 3 had the same isotopic composition as shells that had 

grown in that solution. Consequently he was able to "grow" CaC0 3 at 

various temperatures and thus investigate the effect of temperature on 

isotopic composition. An equation relating the temperature of 

formation to the isotopic composition of CaC0 3 and the water was thus 

produced. McCrea further proposed that, within certain restrictions, 

palaeotemperatures could be determined for calcite samples of 

biological origin (discussed in Section 1.5). 

(1950) investigation of the methods of acid 

decomposition of CaC0 3<s> to C02<g> for analysis by mass spectrometer 

is also of great significance. Several factors must be considered in 

choosing an appropriate acid for CaC0 3 decomposition. 

1) The following reaction scheme 

3CaC0 3 + 2H3P04 = 3C02 + 3H20 + Ca 3(P0 4 ) 2 

shows that only t of the oxygen originally present in the carbonate is 

liberated to CO 2 • This "splitting" must occur reproducibly. 
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2) The gas produced must be isotopically representative of the CaCO 3 

from which it was formed. 

3) Insoluble precipitates produced by some acids on reaction with 

CaCO 3 can slow or stop the reaction by forming a protective coating. 

Acids which form such by-products are unsuitable. 

4) By-product gases (e.g., NO 2 <g> from reaction of HNO 3 ) that have the 

same m/e (ratio of mass to energy) as CO 2 wil effectively block the 

detection of CO 2. 

5) There can be no exchange of oxygen between the reacting acid and 

CO 2 (as occurs in the case of H2SO 4 ). 

As a result of McCrea's work H3PO 4 was found to be a suitable 

acid for CO 2 generation, best meeting the criteria required. McCrea's 

technique involved degassing both the sample and the 100% H3 PO 4 for 

24h and then reacting them under agitation at. 25°C. He allowed the 

reaction to continue for 4h before condensing the CO 2 formed. However, 

this method left the CO 2 and H2O in contact with each other for a 

considerable length of time and allowed exchange of oxygen between the 

two. Moreover, Emiliani (1966) noted that variations in sample grain 

size will lead to variations in isotopic composition, the more finely 

ground samples being enriched in 160 by 0.2°/ 00 • These differences 

have been attributed to a differing speed of reaction (Fritz and 

Fontes, 1966; Walters et al. ,1972). Later work has usually been based 

on higher reaction temperatures of 50°C (after Shackleton and Opdyke, 

1973) which allows a very fast reaction between the calcite and the 

H3 PO 4 • Since the reaction of very small samples is quickly completed 

at 50°C no grain size effect is noticed. The immediate condensation 

and separation of the CO2 and H2O is also carried out to minimise 

exchange (Shackleton and Opdyke, 1973; Mathews et al., 1980). 

"On-line" systems, where the CO2 production line is attached to the 
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mass spectrometer, allow immediate analysis of product gases and 

minimise fractionation due to gas manipulation. 

Coplen et al. (1983) specify a density range of l.90-l.92g/ml for 

the H3 PO 4 which corresponds to 103-105% H3 PO 4 . 

Recent work by Wachter and Hayes (1985) has suggested that 

systematic errors arising from exchange between the CO 2 and the H3 PO 4 

could be further reduced by a still higher reaction temperature of 

75°C, giving a faster reaction and so less time for exchange. This 

would involve a review of mineral-specific fractionation (CO 2 vs. 

CaCO 3 ) at the higher temperature. 

1.4 Instrumentation 

There are several methods by which isotopic abundances can be 

determined, but the most effective of these are mass spectrometric 

measurements. The principles of a mass spectrometer are quite 

straightforward. A beam of electrons is produced by heating a filament 

(usually tungsten or rhenium). Collimation of the beam occurs as it 

passes through a weak magnetic field. The sample is introduced into 

the source region so that the gas collides with the electron beam as 

it is passed between parallel plates; positive ions are produced from 

this collision. An electric field draws the ions through a slit in one 

of the parallel plates and they are then accelerated by passing 

between another plate parallel to the first two. All singly charged 

ions thus have the same kinetic energy after passing through the 

electric field. 

Since ½mv 2 =eV relates energy to mass and velocity it may be seen 

that lighter ions will travel with a higher velocity than heavier 

ions. 
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The ions are subject to a strong magnetic field perpendicular to 

the direction of motion. They are thus forced to travel in an arc, the 

radius of which is determined by their mass and energy. Analysis of a 

beam of a particular mass is then possible when it passes through a 

defining slit on the analyser exit plate. A precision mass 

spectrometer of this type was developed by Nier (1940). 

Since 160/ 160 ratios are measured with respect to 180/ 160 ratios 

in a reference gas (see Section 3.7) it is clearly advantageous to 

measure both the sample and the reference ratios simultaneously, as 

they would then be subject to virtually identical conditions. This was 

the motivation for modifications by Nier et al. (1947) to the original 

high precision mass spectrometer to include a null-reading 

double-collector balancing circuit. 

McKinney et al. (1950) further modified Nier's system with a dual 

gas feed to the analyser, consisting of an all-metal, solenoid­

operated, changeover valve. The changeover valve maintains a stable 

gas flow by channeling away gas not being analysed through a balanced 

diffusion pump "bleed" system. Rapid standard/reference comparisons 

were then possible. More sophisticated electronic componentry was used 

to stabilise the signal. Electronic corrections to overcome the 

"pressure effect" (a seeming variation of isotope ratio actually due 

to ion beam intensity variations) were also made to the signal 

amplifier. 

Shackleton (1965) defined further refinement of these systems to 

produce the Micromass a machine capable of measuring very small 

differences of oxygen and carbon isotope ratios with a precision of 

!0.01°/00 in extremely small gas volumes (~0.lml CO 2). 

The technical specifications of the Micromass used for data 

production in this thesis are given in Section 3.6. 
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1.5 The Oxygen Signal in the Ocean 

From McCrea's (1950) work on the C0 2 -H 20-CaC0 3 system it was 

apparent that the CaC0 3 oxygen isotope content would depend not only 

on the temperature of deposition, but also on the isotopic composition 

of the water from which it was formed. Ocean waters do not have a 

constant 180/ 160 ratio. The total water balance of the earth involves 

the storage of water in various reservoirs (Table 1.2). 

Table 1.2. Residence time of water in natural reservoirs. (From 

UNESCO, 1978). 

Reservoir 

Ocean 

Ground water 

(not Antarctica) 

Soil moisture 

Surface water 

Atmosphere 

Glacier and permanent 

snow cover 

Volume (km 3 ) 

1 338 000 000 

33 930 000 

16 500 

380 410 

12 900 

48 128 200 

Residence time 

(period of renewal) 

2 500y 

1 400y 

ly 

Rivers 16d 

Lakes l?y 

Marshes Sy 

8d 

Polar 9 700y* 

Mountains 1 600y 

*Values for the residence time of water in the ice sheets vary greatly 

from 10s of thousands (determined from annual ice discharge in this 

case) to 200ky for Antarctic ice (Shumsky, 1964) depending on the 

location of the ice sheet. 
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As water is transported between these reservoirs fractionation 

occurs as a result of preferential evaporation and precipitation of 

the lighter and heavier isotopes, respectively. As a consequence, the 

greater the temperature change during the process of evaporation­

precipitation, the greater the fractionation. Thus ice accumulating in 

the centre of the ice sheets can be depleted by up to ~60°/ 00 

(e.g., Lorius, 1974; Dansgaard, 1981) in 18 0 compared to ocean surface 

waters. 

The residence time of these reservoirs is also important as the 

oceans renew all of their water over approximately 2 500y, but ice 

sheets have residence times of many tens of thousands of years. During 

the last 2my the volume of the ice sheets has fluctuated greatly, and 

as a result the quantity of 160 stored within them has changed 

sufficiently to have caused significant changes in the 180/ 16 0 ratio 

of all other water reservoirs. 

180/ 16 0 ratios of calcite are thus reflections of both 

temperature of formation and sea water composition, and the 

differentiation of these two factors in the isotopic signal makes the 

derivation of precise palaeotemperatures very difficult, as some sort 

of estimate of the past isotopic composition of the water is required. 

Epstein (1951) measured 180/ 16 0 ratios (by use of McCrea's acid­

extraction technique) of marine invertebrates grown in a known 

temperature environment, and so derived a palaeotemperature scale for 

organically precipitated CaCO3. He then derived palaeotemperature 

equations relating 180/ 160 ratios to temperature: 

T=l6.5-4.3(8 18Oc-8 18Ow)+0.14(8 18 Oc-8 18 Ow) 2 
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Figure 1.1. A generalised palaeotemperature curve (for the surface 
water of the central Caribbean) showing the system of numbering 
glacial and interglacial stages. (From Emiliani, 1966, fig. 6). 



where c=calcite, w=water (Epstein et a~., 1953). Per mille deviations 

from a standard, represented by the "8" symbol, are defined in Section 

3.7. 

The temperature equations derived by Epstein were subsequently 

applied by other workers, predominantly to calcareous planktonic 

foraminifera from deep sea cores. Corrections to Epstein's assumptions 

of past ice volume compositions have been made as more information has 

become available. The equation was also later modified by Craig (1957, 

1961) to account for 170 content and instrumental inaccuracies. 

Emiliani (1955) was the first worker to use such 

palaeotemperature equations to produce a generalised palaeotemperature 

curve for foraminifera from deep sea cores. This curve was based on 

planktonic foraminifera in the Caribbean Sea. He noted cyclical 

variations from periods of high to low temperatures and interpreted 

these quasi-periodic fluctuations in terms of cyclical variations in 

the Quaternary climate. Subsequent work on numerous cores (Emiliani, 

1958) revealed similar fluctuations in other records. Emiliani (1966) 

assigned numbers to the cyclic peaks and dips in the 180/160 record, 

with glacial periods (high 8 180 values) being given even stage numbers 

and interglacial periods (low 8 180 values) being given odd stage 

numbers. This method of nomenclature is now standard and makes 

inter-core comparisons easier (Figure 1.1). 

In order to interpret 8 180 fluctuations in terms of changing 

surface temperature by use of Epstein's palaeotemperature equation 

(1951), Emiliani proposed a value for the isotopic composition of sea 

water. This was based on a depression of sea level of 100m during 

glacial periods (from apparent past shore lines on continental 

shelves) and on an ice sheet composition of -15°/00 (based on modern 

precipitation over previously glaciated regions). With a mean world 
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sea level of 3.8km this led to a calculated change of +0.39°/ 00 

attributed to ice volume changes (from 100/3800 Xl5°/ 00 ). Since some 

cores obtained by this time displayed glacial/interglacial changes of 

1.5-2.0°/00 it was thus assumed for much of the 1950s and early 1960s 

that the 8 18 0 signal must be predominantly influenced by changes in 

sea surface temperature. 

Shackleton (1967) proposed a test for Emiliani's assumptions by 

arguing that the oceanic bottom waters, which currently have 

temperatures of 0°C to 2°c, should not show significant temperature 

changes between glacial and interglacial stages. Organisms dwelling in 

these waters, such as benthic foraminifera, should only show change in 

their 180/160 ratios as a response to changes in the composition of 

sea water. Prior to this suggestion very few analyses had been 

attempted on benthic foraminifera because their low abundance in most 

sediments made it impracticable to pick the very large sample size 

required by existing mass 

Shackleton, V.G.Micromass 

spectrometers. In collaboration with 

developed a McKinney-Nier type mass 

spectrometer with an extremely small inlet system. Using this mass 

spectrometer Shackleton and Opdyke (1973) showed that the benthic 

foraminifera displayed the same shape 8 18 0 versus depth curve as 

planktonic foraminifera, but with a glacial/interglacial amplitude of 

1.6°/00 • Hence Shackleton and Opdyke concluded that almost all of the 

change in the 0 18 0 values observed by Emiliani in planktonic 

foraminifera was derived from changes in the 180/ 16 0 ratio of sea 

water. 

The time-scale of Emiliani's cores was also questioned. Emiliani 

(1966) had proposed 17 glacial and interglacial stages from the 

present to about 425ky 8.P., with a cyclicity of ~lOOky. Inter-core 

comparison was achieved from first and last appearance levels of 
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pelagic foraminifera, temperature-dependent morphological features and 

variations in coiling ratios. Emiliani's timescale was thus derived 

from correlation between the cores and continental events, by a 

comparison of 230 Th/ 238 U ages of marine molluscan shells from 

interglacial Alaskan deposits, and 231 Pa/ 230 Th dating of temperature 

maxima deposits in the cores. A good agreement was found with dates 

for interglacial stages 5, 7, and 9 given as 96, 171, and 218ky B.P., 

respectively. 4 °K/ 40 Ar dating, however, showed a temperature maximum 

in stage 

deposits 

15 at a date 

(354-370ky B.P. ). 

normally associated 

Broecker and 

with on-land glacial 

Ku (1969) criticised 

Emiliani's estimation of uranium content in his cores. Uranium content 

is necessary to correct for the amounts of parent-supported 231 Pa and 

230 Th, and the discrepancy between Emiliani's estimation and Broecker 

and Ku's was sufficient to affect the supposed dating of the core. 

Broecker and Ku proposed that plotting the logarithm of a series of 

230 Th/ 231 Pa ratios against depth, using a line of best fit to 

determine sedimentation rates and hence ages, would be more accurate. 

A determination of the sedimentation rate in core Vl2-122, 14 C dating, 

and evidence from upraised marine terraces in Barbados showing high 

sea levels at 125ky B.P. (Broecker et al., 1968; Broecker and van 

Donk, 1970), indicated that Emiliani's timescale was too short by 

~25%. four major warm periods were instead proposed starting at about 

11, 127, 225, and 300ky B.P. 

The development and calibration of biostratigraphy and 

palaeomagnetic stratigraphy by 4 °K/ 40 Ar dating (Ericson and Wollin, 

1968; Cox, 1969) further supported a revised timescale. The last 

magnetic reversal (Brunhes/Matuyama) has proved particularly useful, 

having been dated at 730ky B.P. (Mankinen and Dalrymple, 1979) and 

occurs immediately below the isotope stage 19/20 boundary. 
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Emiliani (1970) proposed revised calculations for variations due 

to changing ice volumes based on a drop of 130m in sea level, but 

still rejected values for the Pleistocene ice sheet composition of 

-30°/ 00 (Dansgaard and Tauber, 1969) and used -9°/ 00 as the value of 

additional ice. Subsequent measurements of -30 to -35°/ 00 for ice in 

Greenland (Dansgaard et al., 1971) and -50 to -55°/ 00 in Antarctica 

(Johnson et al., 1972) indicate that this figure should have been 

larger. Mix and Ruddiman (1984) have extensively reviewed the problems 

inherent in an estimation of ice sheet composition. Not only must the 

average isotopic composition have varied with both size and 

latitudinal position of the ice sheet, but differences also exist in 

the 180/160 ratios of steady state as opposed to growing ice sheets. 

Later development of transfer functions (Imbrie and Kipp, 1971; 

Imbrie et al., 1973) also supported largely ice volume dominated 

changes in 8 180 values as glacial/interglacial sea surface temperature 

changes in low latitudes were too small to dominate the signal. 

More recent work has shown that Shackleton's assumption (1967) of 

a constant global deep water temperature was not correct. Evidence 

from marine terraces (e.g., Dodge et al., 1983) has shown a large 

discrepancy between measured sea levels and those expected from the 

benthic 0 18 0 signal. Chappell and Shackleton (1986) have concluded 

that this discrepancy is due to changing temperatures in the abyssal 

ocean. They propose a step-like cooli"ng in the deep waters beginning 

~115ky B.P., that was reversed ~llky B.P. 

Labeyrie et al. (1987) have taken the 0 180 signal of benthic 

foraminifera from the Norwegian Sea (an area where bottom water 

temperature changes are assumed to have been minimal, as it has been 

the site of active Deep Water formation right through the last 

interglacial and early glacial period) as representing only sea water 
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Figure 1.2a. A reference curve for the changing 8 180 of sea water over 
the last 130ky. (From Labeyrie et al., 1987, fig. 5). 
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8 16 0 changes. Comparison between this and the Vl9-30 record (from 

Shackleton et al., 1983) shows a major cooling in the deep Pacific 

Ocean water of ~2°C at the 5e/d transition (~ll0ky 8.P. ). As the water 

temperature in the Deep Pacific was probably constant during 

glaciation (Duplessy et al., 1980), Labeyrie et al. (1987) proposed 

using the isotope record of Vl9-30 to derive a reference curve of mean 

global 8 180 changes in sea water composition, over the glacial period 

12-65ky B.P. This was combined with the Norwegian Sea 8 18 0 record for 

periods of Deep Water formation, 0-12 and 65-135ky B.P., to derive a 

reference curve for the past 130ky (Figure 1.2a). This reference curve 

was then subtracted from the benthic foraminiferal records under 

consideration to give an estimate of changing deep water temperatures 

(Figure 1.2b). 

Shackleton (1987) presented a comparison of two oxygen isotope 

records with detailed records of sea level changes, and so generated a 

combined record which may be a better record of ice volume change 

(Figure 1.3). 

Williams et al. (1988) have recently proposed an extension to the 

numbering of glacial and interglacial Stages from the 6/7 boundary 

back to stage 63 (at l.88my B.P.) in the Pliocene (Figure 1.4). 

1.6 Orbital Fluctuations and Climatic Changes 

Despite subsequent criticism of Emiliani's timescale and signal 

interpretation his early work remains of great importance as it showed 

the very marked cyclicity of the 8 16 0 signal for the first time. 

This was particularly important as it provided strong supporting 

evidence for Milankovitch's (1938) astronomical theory of climatic 

change which postulated that the distribution of heat around the earth 
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was controlled by changes in the earth's orbital parameters. These 

parameters were: 

1. Precession of the equinoxes. 

2. Eccentricity of orbit. 

3. Obliquity of the ecliptic. 

Milankovitch proposed that these factors controlled the size of 

the continental ice sheets, and that one would expect the 8 180 signal 

to reflect such variations. If these orbital parameters were the cause 

of climatic variation then the periodicities of the climatic 

fluctuations should match the combined periodicities of the orbital 

fluctuations. The major orbital frequencies are given as 23ky 

(precession), 4lky (obliquity), and lOOky (eccentricity). The revised 

timescale of Emiliani's cores allowed a good match between the 8 180 

signal cyclicity and the orbital frequencies and became the standard 

to which other Pleistocene events have been calibrated (Hecht, 1985). 

Comparison of various types of organic data from the Pleistocene 

showed that the principal periodicities of the Pleistocene 8 180 record 

match the periodicities of the earth's eccentricity, obliquity and 

precession cycles (Broecker et al. ,1968; Shaw and Donn, 1968). 

Critical adjustments by Hays et al. (1976) to the timescale of the 

last 400ky finally confirmed the importance of the orbital frequency 

rhythms in the 8 180 signal. 

This work was taken a stage further by Imbrie et al. (1984) who 

have produced a so-called "ideal" isotope curve (Figure 1.5), with 

proposed dates for stage boundaries based on orbital fluctuation 

frequencies. Thus by the use of spectral analysis which matches the 

periodicities in the isotopic record with the orbital periodicities, 

within the constraints of ages definitely known (from 14 C dating, 

magnetic reversals, micropalaeontological data, etc.), it is possible 
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to obtain a timescale for the 8 18 0 record from deep sea cores (e.g., 

Black et al., 1988). 

1.7 The Carbon Isotopic Signal 

The o13 C record from deep sea cores has not received the attention 

given to the 8 160 signal because of difficulties in interpretation. 

These difficulties largely arise from the fact that carbon is involved 

in a variety of organic and inorganic fractionations. 

The inorganic equilibration reactions between the atmosphere, the 

ocean, and the sediment layer are outlined in Figure 1.6. 

ATMOSPHERE 

OCEAN 

SEDIMENT 

13C enrichment 

1-20/002 

Temperature 
dependent 
fractionation 

Figure 1.6. Inorganic reactions of CO 2 between the atmosphere, 
the ocean, and the sediment. 
1In Hoefs (1973) p.25. 
2Rubinson and Clayton (1969). 

Kinetic fractionation during the exchange of CO 2 results in an 

enrichment of 13C in the HC0 3. The temperature dependence of the 13C 

content of calcite is also of importance. Calcite precipitated at 25°C 

is enriched in 13 C by 0.9°/00 (Rubinson and Clayton, 1969), whereas 

calcite precipitated at 2°C is enriched by 1.7°/00 • The o13 C content 

of the dissolved inorganic carbon is thus dependent on a variety of 

factors, including production of CO2 in the water column, the rate of 
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upwelling of CO 2 from deep waters, equilibrium with the atmosphere, 

oxidation of organics, and carbonate dissolution. 

Biological reactions must also be considered. During 

photosynthesis in the reaction 

CO 2 + H2 0 = CH 2 0 + 0 2 , 

12C0 2 is preferentially "fixed" into the primary photosynthesis 

products. Since not all of the dissolved CO 2 is fixed, a portion of 

the unreacted 13 C-enriched dissolved is eliminated from 

photosynthesising organisms into the ocean water. This has become a 

useful measure of sea surface productivity (e.g., Kroopnick et al., 

1977) where low CO 2 demand results in a higher fractionation (CH 20 can 

be depleted in 13C by whereas in periods of high 

productivity (and hence high CO 2 demand) no 13 C is eliminated, and an 

enrichment in the CH 2 0 is even possible. 

Sackett et al. (1965) reported the temperature dependence of the 

carbon isotopic composition of planktonic marine sediments, where an 

enrichment of 12C was noted in surface waters at 2°C (cf. waters at 

~25°C in the Atlantic). A greater fractionation of carbon isotopes at 

lower temperatures during photosynthesis was proposed to account for 

this. Van Donk (1970) was one of the first workers to study the 8 13C 

record of planktonic foraminifera. His samples, taken from the 

Caribbean, revealed no consistent relationship between 8 13C and 

climate. Shackleton (1977), working in the Atlantic, and Berger and 

Killingley (1977) in the Pacific, likewise found very little glacial 

to interglacial change in the 8 13 C record. It must be noted that the 

residence time of carbon in the sea is ~200ky whereas the mean 

duration of a single glacial or interglacial episode is ~50ky; hence 

neither ~CO 2 or 13C content is significantly altered during the course 

of a single glacial or interglacial event. 
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Kroopnick (1974) noted that in the present day ocean the o 13 C of 

dissolved inorganic carbon varies from +2°/ 00 to -0.5°/ 00 at the 

surface, with bottom waters varying between -0.2°/00 and +0.2°/ 00 . 

This would imply higher o 13 C values in surface dwelling plankton 

compared with those of benthic foraminifera that have grown in deeper, 

cooler conditions. The o 13 C content of the dissolved inorganic carbon 

will itself vary in 

earlier). 

accordance with several factors (outlined 

Several workers have proposed using o 13C values of planktonic 

foraminifera, which are known to vary with temperature, to determine 

depth habitat. Hence a palaeo-o 13 C profile and palaeothermocline for 

the water column could be derived. However, problems exist (discussed 

in Section 1.9) in non-equilibrium species-dependent fractionation .. 

Since the 6 13C record reported by Kroopnick et al. (1973) indicates a 

maximum shift of 3°/00 , and since under equilibrium conditions this 

would correspond to 25°C/ 0 / 00 - which would clearly give an impossible 

temperature change for the water - it was deduced that equilibration 

between calcite and dissolved inorganic carbon cannot be involved. 

Instead, it was proposed that the o13 C signal reflected growth 

habitat, productivity (see later in this section), and the rate of 

vertical mixing. Kroopnick et al. (1973) further suggested that 

following the o13C record by nannofossil analysis could prove useful 

as nannofossils do not display species-dependent fractionation 

(although this view is not universally accepted), and some nannofossil 

analysis has been done (e.g., Dudley and Nelson, 1988). "Vital 

effects" must also play an important role in governing o13C, as HCO 3 

(which constitutes 97% of the ICO2) and dissolved CO5- are both 

dependent on organic reactivity, and are important sources of carbon. 

In addition, the presence of symbiotic algae in spinose planktonic 
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foraminifera will result in the inclusion of photosynthetically 

fractionated carbon. Further complications arise as large and small 

tests of monospecific planktonic foraminifera can show up to 1°/00 

difference in 8 13C. 

At high latitudes planktonic foraminifera record a very different 

carbon isotope record than they do at low latitudes (Mix and 

Fairbanks, 1985; Labeyrie et al., 1985), the significance of which is 

not yet understood. 

Benthic foraminifera occupy a more static layer in the ocean (cf. 

planktonic foraminifera) at the sediment/water interface. The CO 2 <aq> 

content of this layer is affected considerably by the oxidation and 

dissolution of organic material, and can be quite depleted in 13C. 

Shackleton (1977) was the first worker to systematically study 8 13 C 

values in benthic foraminifera. He found lower 8 13C values during peak 

glacial times, in comparison to peak interglacial values. This was 

attributed by Shackleton to decreased forest cover during glacial 

periods, where a 33% reduction of carbon stored in forests and soils 

(where the 8 13 C is -26°/00 ) resulted in a lowering of the ocean­

atmosphere c~rbon pool by 0.7°/ 00 • It has also been speculated 

(Niitsuma and Ku, 1977) that the 8 13C variations are due to the 

production and destruction of shelf sediments (with a 8 13C of 

-21°/ 00 ), and the transference of these sediments to the deep sea 

floor. 

Extensive work by Kroopnick (1980) as part of the GEOSECS 

(Geochemical Ocean Sections) programme on the distribution of the 8 13 C 

of the total dissolved inorganic carbon in the Atlantic suggested that 

the dominant influence on distribution is physical circulation, and 

noted that the oxidation of organic matter (with a 8 13C of ~-23°/00 ) 

to CO 2 provides a marker to distinguish various water masses. As a 

27 



water mass ages, oxidation of organic matter adds 12C preferentially 

to the CO 2 reservoir. Hence a 12C enrichment results along deep water 

flow paths, and a difference of 1°/ 00 between Pacific Ocean waters and 

their source in the Atlantic may be measured (Kroopnick, 1974, 1980). 

The geographic distribution of changing 8 13C is hence dependent on 

circulation patterns. In situ CaC0 3 dissolution (to CO 2 with a 8 13 C 

value of 2°/ 00 ) is also an important factor. Following Kroopnick's 

work on global 8 13C distribution, Curry and Lohman (1982) used carbon 

isotopic changes in benthic foraminifera to follow glacial abyssal 

circulation patterns, by comparing numerous 8 13C records from various 

cores. They assumed that changes in 13C that occurred synchronously 

(within ocean mixing time) were the result of changes in the flux of 

terrestrial carbon, whereas individual core differences could be 

attributed to changes in abyssal circulation. A lowering of North 

Atlantic Deep Water production during the last glacial period was 

deduced, which modified the abyssal circulation of the Verna Channel 

region in the eastern equatorial Pacific. 

Analysis of air bubbles in polar ice cores (reported by Delmas et 

al., 1980; Neftel et al., 1982) suggested a low atmospheric CO 2 

content during the last glacial. Broecker (1982) attempted to model 

this in terms of photosynthesis in the ocean and its preferential 

removal of 12C from the surface carbon pool. Enrichment of 13C would 

occur at times of high phosphorus content (the limiting nutrient of 

photosynthesis). Shackleton et al. 

obtain a record of atmospheric CO2 

(1983) used Broecker's approach to 

from the 8 13C of both planktonic 

and benthic foraminifera in core V19-30, and provided independent 

confirmation of the decreased CO 2 concentration in the glacial-age 

atmosphere. 
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13 C/ 12C ratios may thus be seen to provide potentially important 

information for palaeoceanographic studies, but our understanding of 

their significance is far from perfect. For this reason, and because 

o13 C results are easily obtained in conjunction with 8 160, o13C values 

have been recorded in this thesis for each of the cores studied. 

1.8 Preservation of CaC0 3 in Deep Sea Sediments 

Coring operations to recover preserved calcareous foraminiferal­

bearing sediments cannot be conducted over all regions of the world's 

oceans, as the preservation of calcitic tests is limited by the 

position of the lysocline. The bottom waters of the ocean are known to 

be undersaturated in calcite, whereas the surface waters are generally 

supersaturated. This arises from several factors: 

1. High bottom water pressures alter the equilibrium 

constant controlling carbonate dissolution (Pytkowicz, 1968). 

2. Metabolically produced CO 2 from bottom-dwelling organisms increase 

the pC0 2 (Li et al., 1969). 

3. Bottom water is formed in high latitude seas from the sinking of 

very cold, dense brines with a high CO 2 solubility which means that 

the pC0 2 of bottom waters increases as they warm during circulation. 

4) A decrease of the CaC0 3 content in the sediment due to dilution by 

terrigenous sediments and siliceous-biogenic particles. 

All of these factors lead to increased carbonate solubility. 

The carbonate compensation depth (CCD), which occurs in the zone 

between the supersaturated surface waters and the undersaturated 

bottom waters , is generally defined as the depth below which the 

amount of CaC0 3 is <10% (Lisitzin, 1972). The lysocline is generally a 

few hundred metres above the CCD and is defined (by Berger, 1968) as 
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the depth range where the dissolution of planktonic foraminiferal 

tests increases rapidly. A redefinition (Berger, 1971) of a lysocline 

zone with the lysocline level as its upper boundary means that the 

lysocline marks the shallowest depth at which any solution-caused 

change in foraminiferal tests may be detected. The CCD shallows 

progressively away from the regions of deep water formation as the 

deep waters accumulate CO 2 during circulation (resulting in an 

increased pCO 2 , and hence greater dissolution of CaCO 3 ). Deep waters 

flow south through the Atlantic Ocean from the Norwegian Sea, joining 

the westward circulation around Antarctica with the cold waters from 

the Ross and Weddell Seas, and then spiral north into the Pacific (see 

Figure 2.5). Hence in the North Atlantic the CCD is 5.5km deep at 

30°N, and only 3km deep at 50°N in the Pacific (Berger, 1976). 

Preserved calcareous foraminifera suitable for oxygen isotope 

studies may thus be found only above the lysocline, which means only 

in cores taken from raised areas of the ocean floor, as the average 

depth of the ocean is ~3.8km. 

The assumption that increasing sub~bottom core depth implies 

increasing age of sediments is made, although this assumes no 

reworking of sediments after deposition. Areas subject to strong 

turbidity currents, earthquakes, and other disturbances, are thus 

unsuitable for sampling. 

Bioturbation also results in sediment disturbance, although these 

have been shown to have little effect on the timescale resolution of 

high sedimentation rate cores (Shackleton and Opdyke, 1976). 
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1.9 Species Selection and Equilibrium Assumptions 

Suitable species for isotopic studies must fulfill several 

requirements: 

1. That they be of reasonable and persistent abundance. 

2. That they may be "picked" physically with relative ease. 

3. That their depth habitat (in the case of planktonic species) is in 

the mixed layer of the ocean that has the same oceanographic 

characteristics as the surface water. 

4. That they deposit their shells either at isotopic equilibrium with 

sea water, or with a known deviation from equilibrium. 

The last point raises some considerable difficulties. Duplessy et 

al. (1970) reported isotopic fractionation in some species of benthic 

foraminifera. Shackleton (1974) found that Uvigerina spp. deposit 

CaCO 3 near isotopic equilibrium within the temperature range 

0.8-7.0°C, and hence are a suitable benthic species for analysis. 

Where Uvigerina is not present, Cibicides spp. can be a suitable 

substitute since, although not growing in isotopic equilibrium with 

sea water, they have a known depletion value for 0 18 0 of 0.64°/ 00 , and 

of -0.90°/ 00 for o13 C, with respect to Uvigerina spp. (Shackleton and 

Opdyke, 1973), and hence appropriate adjustments may be made for 

interspecies comparison. 

In the case of planktonic foraminifera, however, the suitability 

of various species remains confused due to a number of conflicting and 

contradictory studies of isotopic equilibrium and disequilibrium. 

Emiliani (1954) reported that different species of foraminifera in the 

same core level had differing oxygen isotopic compositions. This was 

interpreted as indicating that different species of foraminifera 

deposited their shell material at different depths in the water 

column; the deeper the colder. Emiliani assumed that the calcitic 
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tests were deposited in equilibrium with sea water and obtained good 

agreement for comparison between experimental determinations of depth 

habitats (from oxygen isotopes) and samples collected from nets at 

various depths in the water column. Since the determined 

stratification and in situ collection agreed so well, it was tacitly 

accepted by subsequent workers that the assumption of isotopic 

equilibrium in planktonic foraminifera was in all cases valid. More 

recent work suggests that this was not correct. 

Van Donk (1970) produced data that suggested disequilibrium 

existed in planktonic foraminifera. Shackleton et al. (1973) detail 

studies of planktonic foraminifera taken from plankton tows within the 

isothermal layer of the ocean. Since not all the species in the tow 

sample had the same isotopic composition they suggested that 

disequilibrium must occur in planktonic species. 

Vergnaud Grazzini (1976) likewise supported non-equilibrium 

values, and also pointed out that for any given species the deviation 

from isotopic equilibrium is greater in the living plankton tow 

specimen than in the sedimented specimen. Subsequent work has not been 

consistent however. Kahn and Williams (1981) report considerable 

deviations from equilibrium for Globigerina bulloides from sediment 

traps off Bermuda, but Durazzi (1981) found no evidence for 

disequilibrium among a variety of species, including G. bulloides, in 

North Atlantic core tops. Curry and Mathews (1981) found deviations in 

some species of planktonics, but found G. bulloides to be 

substantially at oxygen isotopic equilibrium with surface water 

conditions. 

Erez and Honjo (1981) noted also from a comparison of plankton 

tows to sediment traps that skeletal deposition continues below the 

photic zone leading to heavier 8 180 values as the temperature in these 
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zones is colder and the symbiotic algae less active. (Symbiotic algae 

may partially affect disequilibrium by the incorporation of 

isotopically lighter metabolic CO 2 into the test. They are present in 

most spinose species, although there is conflicting evidence as to 

their presence or absence in G. bulloides). Hence the oxygen isotopic 

composition of planktonic foraminifera should best be interpreted as 

representing an integrated isotopic ratio for a few hundred metres of 

the sea water column. 

The disequilibrium of carbon is far greater than that of oxygen, 

as carbon has a small pool (mostly of dissolved carbonate) and tends 

to interact with various metabolic processes. 

It is clear that interpretation of the 180/ 160 ratios as 

palaeotemperatures should be done with caution as the separation and 

importance of various other factors such as depth migration, 

horizontal advection, and 

understood. 

seasonality are not yet thoroughly 

In addition to processes affecting the isotopic composition of 

living specimens, care needs to be taken that post-depositional 

changes to the shell material have not occurred. Such changes may 

result from the deposition of calcite on the tests after death 

(overgrowths) and the inclusion of very much smaller grained 

carbonates within the chambers of the foraminifera. Avoidance of these 

problems essentially depends on the skill of the analyst. 

1.10 Salinity 

Interpretation and comparison of stable isotope signals must also 

involve a consideration of the salinity of the surrounding water 

masses. 
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Figure 1.7. A reconstruction of the difference between modern sea­
surface temperatures, and estimated sea-surface temperatures of 
the last glacial maximum, 18ky B.P. (in °C). (From CLIMAP, 
1982, fig. 8). 
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Craig and Gordon (1965) note that surface waters have a linear 

relationship between 8 18 0 and 1· ·t f o 5°/ sa 1n1 y o . 00 
~180 o; u per 00 

salinity. In low latitude regions, where evaporation exceeds 

continental run-off and precipitation, is preferentially 

evaporated with an average 8 18 0 of -17°/ 00 • Transport of this vapour 

to high latitude regions. where precipitation exceeds evaporation, 

results in water of decreased salinity and with a low 8 18 0 content. 

Deviations from this linear relationship in polar regions are 

explained in terms of salt enrichment during sea-ice formation. 

1.11 Climatic Modelling 

In order to obtain a clearer picture of climatic changes over the 

past million years - and in particular where that change has been 

recorded in deep sea sediments a consortium of scientists was 

organised in 1971, under the title CLIMAP (Climate Long-Range Mapping 

and Prediction), to study climatic data sets and create a model of 

palaeoclimatic and palaeoceanographic conditions at certain key times. 

The first of these reconstructions concentrated on the last glacial 

maximum, 18ky B.P., with an oceanographic reconstruction based on data 

from 450 ocean cores (CLIMAP Project Members, 1976, 1982). They 

reported colder average winter temperatures in the Tasman and South 

Pacific surface waters due to marked cooling along the South 

Equatorial Current (Figure 1.7). Maximum cooling was found at 6°S and 

46°S. The major gyres of the ocean circulation continued, but were 

altered in shape, size, and position. Burkle (1983) has shown that the 

Antarctic gyral systems were intensified during glacial periods. 
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Prell et al. (1980) have suggested an intensified West Australia 

Current 18ky 8.P., resulting from the deflection of part of the West 

Wind Drift northwards along the Australian coast. 

Inferences about the nature and structure of deep waters are 

tenuous, but the compression of thermal gradients and the increased 

surface transport indicate a more rapid turnover of surface and 

intermediate waters. 

Streeter and Shackleton (1979) followed the variation in 

abundance of Uvigerina peregrina over the past 150ky and noted its 

abundance during times of reduced NADW production and a more northerly 

position of the polar front in the North Atlantic. Ice cover and 

stratification of the Norwegian Sea during the last ice age prevented 

the formation of deep water from this source. The North Atlantic 

itself could not be a source of deep water until sufficiently dense 

water could form in the middle of the cyclonic gyre north of the polar 

front (CLIMAP Project Members, 1976). Duplessy et al. (1980) have 

shown that the North Atlantic acted as a sink for surface waters, with 

a cold deep water mass at least 1.3°C colder than modern times. 

The evidence of better mixed, cooler near-surface waters, 

combined with evidence of a change in production of NADW, and an 

inference of a greater conservation of heat beneath the sea ice at 

high latitudes, are suggestive of a much smaller thermal contrast 

between the surface and bottom waters of 18ky B.P. (i.e. a steepening 

of the temperature gradient) compared with that of the present day 

ocean. The study of microfossil distributions in the North Pacific 

undertaken by Moore et al. (1980) indicates an intensified circulation 

18ky B.P., with warm tropical waters contained within gyre centres. 

The final study undertaken by CLIMAP centred on a reconstruction 

of the last interglacial ocean 122ky B.P., at a time of similar sea 
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surface temperatures to the modern day, with comparable global ice 

volumes. It was noted that the agreement in relative timing between 

planktonic and benthic foraminiferal 8 18 0 curves suggested that local 

temperatures did not markedly alter the phasing of the global ice 

volume signal - even though surface and/or shallow subsurface parts of 

the Southern Hemisphere Ocean were generally leading the global ice 

volume response into and out of the interglaciation. Quantification of 

lead-lag relationships tied to orbital frequency was suggested for 

future study. 

Mapping by Romine (1982) of a number of Quaternary time slices 

shows marked changes in oceanic circulation patterns occurring a few 

thousand years in advance of increased ice sheet growth. This would 

imply that atmospheric changes in the Pacific occurred prior to, and 

influenced, polar and continental ice sheet growth in the Northern 

Hemisphere. 

A review of the sensitivity and response time of natural systems, 

including foraminifera in deep sea sediments, has been published by 

Wright (1984). He notes that global synchroneity of the 8 18 0 record 

within ocean mixing times (~500y Stuiver et al., 1983) is to be 

expected. However, a lag in the recording of an onset of colder 

conditions must be expected as glacial advance itself lags behind the 

climatic change that initiated the growth of the ice sheets. In 

addition the growth of ice sheets takes time to register in the 8 18 0 

signal as they build up slowly. In interglacial periods water stored 

as glacial ice cannot immediately return to the ocean (latent heat 

factor) and so a time lag is inevitable. Deglacial response times are 

further confused as the timing of the transference of the signal to 

the ocean varies according to the cause of the deglaciation (e.g., a 

reduction in snow fall, rather than an increase in ablation, will 
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result in a considerable time lag before the change in ice volume is 

seen in the ocean 3 18 0 record). 

1.12 The Last Deglaciation 

Isotopic analyses of foraminifera from many oceanic cores show 

that a rapid change in 3 18 0 occurs between ~18ky and lOky B.P., with 

an amplitude of 1.5-2.0°/00 • This contrasts with the relatively 

gradual increase in 3 16 0 from over the previous lOOky, giving a 

"sawtooth" appearance to 3 18 0 records (Broecker and van Donk, 1970). 

During the 1970s this shape was interpreted as being the result of a 

slow build-up of ice in the Quaternary continental ice sheets followed 

by rapid deglaciation. The sequence was repetitive with eight or nine 

such events being recorded during the last million years, of which 

only the last has left evidence which is widely preserved on land and 

within the range of 14C dating. As a result, much effort is being 

expended on obtaining information on 

deglaciation. 

the nature of this last 

Comparison of records from different high latitude locations and 

different environments poses a few problems which need to be 

reconciled. Continental pollen and vegetational records largely show 

responses to temperature changes which in turn are linked to the 

altitude of the snow lines and the areal extent of ice sheets in that 

specific location. Palynologists in Europe have long recognised two 

pulses of warming during the last deglaciation, the "B~lling" and the 

"Aller~d", separated by a cooling pulse, the "Younger Dryas" (e.g., 

De Geer, 1957). 

Palaeontologists see differing assemblages of planktonic 

foraminifera which respond to temperature and salinity changes in 
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oceanic surface waters (Imbrie and Kipp, 1971). Isotopic analysis of 

core material also shows changes due to variations in temperature and 

salinity, with salinity apparently playing a dominant role - the 

effect of salinity being amplified by the release of meltwaters from 

the ice sheets. These records tend to be dominated by the volume of 

the major ice sheets. However, since ice sheets are anisotropic and 

since deglaciation could occur by a variety of mechanisms, such as 

down-drawing through ice streams, calving of marine ice sheets, or 

gradual shrinkage, there is no direct linear correlation between 8 180 

and ice volume (Mix and Ruddiman, 1984). A further complication is 

added by the way in which the additional meltwaters are mixed into the 

oceans, as this cannot be regarded as instantaneous in comparison to 

the accumulation rate in deep sea sediments. An example of this has 

been observed in the Orea Basin (Gulf of Mexico) where the Mississippi 

River has carried meltwater from the southern margin of the Laurentide 

ice sheet, causing a rapid addition of isotopically light melt water 

(Emiliani et al., 1975; Kennett et al., 1975). Known as a meltwater 

spike, it overwhelms the background 8 18 0 signal which reflects the 

entire ocean composition, and becomes a signal for local deglaciation. 

Leventer et al. (1982) have presented a detailed 8 18 0 record of the 

Orea Basin which suggested a two-part meltwater spike dated at 

16.5-15ky B.P. and 14.5-12.2ky B.P. 

During the 1970s it was largely accepted that the abrupt glacial 

to interglacial change that marked the end of the last glaciation 

(designated a "termination" by Broecker and van Donk, 1970) was 

characterised by a smooth sigmoidal 8 180 signal centred around 

llky B.P. The record of this termination is frequently lost in deep 

sea cores as bioturbation disturbs the top few centimetres of 
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sediment, and so recent climatic events become blurred within the 

sedimentary record. 

However, from analysis of four high sedimentation rate cores (in 

which bioturbation smoothing is minimised) in the North Atlantic, 

Duplessy et al. (1981) presented evidence that challenged the idea of 

a smooth one-step termination. They noted that the isotopic record of 

all four cores presented similar features; a general 8 180 decrease 

from stage 2 to stage 1 that occurred in a step-wise fashion, with a 

plateau (or increase - depending on species analysed) occurring before 

the 8 180 decreased to present day values (Figure 1.8). They referred 

to the first of these terminations as IA and the second as Ia, and 

concluded that the Younger Dryas cold event could be a short term 

response to European continental deglacial warming as cold polar 

waters spread southwards. IA was 14 C dated from 15.5 to 13.3ky and Ia 

from 10 to 8.28ky B.P. This implied a pause in the 8 180 decrease at 

just the point where it was assumed to be the period of fastest 

change. 

Berger et al. (1982) presented a smoothed, stacked, record of 

Pacific 8 18 0 values that showed a slight pause dated as 12-llky, 

inferred to be equivalent to the Younger Dryas, but not two definite 

steps. The flattening of the Pacific curves at ~9ky B.P. to present 

day values may imply that these records miss the later part of the ice 

volume record, or that the detail has been lost in the smoothing 

technique (Figure 1.9). Problems with 14 C dating (of contamination, 

redistribution, bioturbation, and dissolution) have caused controversy 

over the dating of IA. 

Duplessy (in Ruddiman and Duplessy, 1985) noted that the benthic 

signal tends to lead planktonic records in the Atlantic and Indian 

Oceans by a few hundred years. Shackleton (in Ruddiman and Duplessy, 
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1985) also noted a benthic lead in the Pacific core V19-30 which 

suggested that the arrival of the 8 180 meltwater signal is immediately 

recorded in the deep ocean and retarded in low latitude surface 

waters. This would imply rapid transfer of cold, isotopically light, 

glacial meltwater to the bottom waters of the oceans, with later 

upwelling to the surface waters. 

Mix and Ruddiman (1985) studied 24 tropical Atlantic cores 

constrained by 77 14 C dates, and so obtained a stacked record of 

termination I. They note the appearance of three termination steps IA 

(14-12ky B.P. ), 1 8 (10-9ky B.P.), and le (8-6ky B.P.). Although these 

are close to the statistical limits of detection, the appearance of 

three steps in individual records would suggest that they are real 

( Figure 1.10). 

High resolution seismic profiles from the northeast of Australia, 

and to the east of the South Island of New Zealand (Carter et al., 

1986) support an episodic deglaciation between 18 and 6.Sky B.P., with 

time constraints provided partly by radiocarbon dating, but 

principally from regional stratigraphy. Carter et al. (1986) found 

significant post-glacial shorelines from 18, 17, 15, 12, 11, 9.5, 9, 

7.5, and 6.Sky B.P. They concluded that some of these shorelines were 

the result of local isostatic or tectonic factors, but those 

shorelines with large sedimentary wedges were likely to be world-wide 

features. In particular the size of· the 12ky 8.P. sedimentary wedge 

(shoreline S5 in Figure 1.11) coincides with similar significant 

shorelines seen elsewhere (in North and South America, the 

Mediterranean and the Arctic). This may be correlated with the 

inferred post-glacial regression after Termination I (Younger Dryas). 

The summary regional sea-level curve, with probable shoreline pauses, 
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based on an episodic model of transgression presented by Carter et al. 

(1986) is shown in Figure 1.11. 

A comparison of North Atlantic isotopic, micropalaeontological 

and pollen records (Duplessy et al., 1981) shows that there was a 

rapid deglaciation that started before the maximum caloric summer 

insolation at llky B.P., which would imply that decreasing ice sheet 

size is not directly attributable to orbital changes. In addition, the 

duration of the steps in termination I is too short to be reasonably 

explained in terms of Milankovitch's orbital theory. Some sort of 

feed-back mechanism, driven by the earth's climatic system, in 

conjunction with orbital forcing seems more likely. Several feed-back 

mechanisms to account for rapid deglaciation have been proposed. 

Increasing concentrations of atmospheric CO 2 have been measured both 

indirectly (Shackleton and Pisias, 1985) using 8 13 C in marine 

sediments, and directly from pC0 2 of ice cores (Lorius et al., 1985). 

Ice core data from Antarctica correlate well with the Shackleton and 

Pisias method, with atmospheric pC0 2 starting to rise ~200ky B.P. and 

contributing to early forcing. Rapid ice calving to the ocean or 

proglacial lakes could accelerate melting begun by insolation changes 

(e.g., Andrews, 1984; Pollard, 1984). It has also been suggested that 

disintegration of floating Antarctic ice shelves (on resumption of 

production and circulation of relatively warmer NADW to circumpolar 

Antarctic regions) would have rapidly· changed ocean isotopic ratios -

although contributing no sea level change (Johnson and Andrews, 1986). 

Delayed bedrock rebound (in Ruddiman and Duplessy, 1985) could keep 

partially melted ice sheets at lower altitudes, in contact with warm 

air, and so accelerate melting. Downdraw of ice sheet centres via 

unstable ice streams (Denton and Hughes, 1981) would increase the rate 

of deglaciation. The possibility of moisture starvation as sea ice 
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cover expands has also been investigated (Ruddiman and McIntyre, 1981) 

and must be considered in conjunction with downdraw and ice calving. 

However, moisture starvation is not likely to have played a major role 

in deglaciation by stage I 8 as the North Atlantic had warmed to modern 

values by then, with the exception of the Labrador Sea (Ruddiman and 

Duplessy, 1985). 

Mix and Ruddiman (1985) have proposed that the steps in the 

termination record are due to a thinning of the ice sheets - which is 

recorded in the 8 18 0 signal - that is not recorded in the areal data 

from North America and Scandinavia, which show unabated, smooth 

retreats. They suggest that the stepwise signal resulted from several 

calving and downdraw events. In addition they note the time lag of 

~2ky between estimates of volumetric deglaciation and isotopic 

evidence of deglaciation. This ties in well with previous work (Mix 

and Ruddiman, 1984) suggesting that lower latitude ("warmer", and 

therefore less depleted) ice sheets (i.e. British, Laurentide and 

Scandinavian) melt before high latitude ice sheets. This is also 

consistent with Ruddiman and McIntyre's (1981) suggestion that 

insolation changes vary greatly in spectral nature with latitude, thus 

there is a varying volumetric response depending on geographical 

location. 
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OCEANOGRAPHIC AND CLIMATIC BACKGROUND TO THE REGION OF STUDY 

2.1 Oceanographic Setting 

2.1.1 Water Masses Around New Zealand 

Oceanic deep waters acquire distinctive characteristics of 

temperature and salinity depending on the region in which they have 

been formed. The retention of these properties over long periods of 

time and vast distances allows monitoring and identification of 

different water masses, and hence permits determination of deep 

oceanic circulation. At any one location several different water 

masses may contribute to the water column, each occupying a particular 

level depending on its respective density. An illustration of the 

temperature and salinity relationships which allow the identification 

of various water masses is shown in Figure 2.1. This indicates the 

inhomogeneity of oceanic waters and the importance of identifying the 

water mass in which a sample site lies, as this affects the growing 

conditions of calcareous foraminifera. 

There are five main water masses in the vicinity of New Zealand 

(Figure 2.2): 

1. Bottom Waters 

The majority of Bottom Waters are formed in polar regions where 

cooling and formation of sea ice increases the density of surface 

waters to the point where they sink and flow beneath all other waters. 

In order to acquire maximum density they must form in regions of low 

continental run-off (to minimise dilution) and where there is a 

shallow basin to accumulate cold winter brines. These criteria are met 

in the Norwegian Sea and in the Weddell and Ross Seas of Antarctica. 

Winter cooling and sinking of the extremely dense waters of the 
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Figure 2.3. The northward spread of Antarctic Bottom Waters. (From 
Tchernia, 1980, fig. 4.16). 



Weddell Sea (at 27.9, Ridgway, 1969) leads to the formation of cold 

(~l°C, Ridgway, 1969) Antarctic Bottom Waters which flow eastwards 

around Antarctica and northward into the Atlantic, Indian, and Pacific 

Oceans. This northward spreading is greatly influenced by sea-floor 

topography and the rotation of the earth, and is represented 

diagramatically in Figure 2.3. Bottom water temperatures at the ocean 

floor in the vicinity of New Zealand are shown in Figure 2.4 (Ridgway, 

1979a). 

2. Deep Waters 

The Deep Waters flow above the Bottom Waters and originate in the 

surface waters of the North Atlantic Ocean. North Atlantic Deep Water 

(NADW) is formed, at present, by the overflow of both highly saline 

North Atlantic water and less saline Arctic water from the Norwegian 

Sea east of Greenland. Once these waters have spilled over the ridge 

running from Greenland to the British Isles, they flow south through 

the Atlantic, where they are modified by high salinity Mediterranean 

waters, across the Indian Ocean and finally into the Pacific Ocean. 

These Deep Waters are slightly less dense and warmer (l-2°C, Ridgway, 

1969) than the Bottom Waters over which they flow. A salinity maximum 

of ~34.75°/ 00 is reached at a depth of 3000m, and the waters may be 

further stratified into Upper and Lower Deep Water on this basis. The 

patterns of circulation of NADW are represented in Figure 2.5. 

3. Antarctic Intermediate Water 

Upwelling of the less saline Pacific Deep Waters at the Antarctic 

Divergence (Figure 2.2), and their eventual cooling and resinking, 

results in the formation of extremely low salinity (34.3-34.4°/ 00 at 

700m) Antarctic Intermediate Waters (AIW) (Heath, 1972). The depth of 

the core of AIW in the vicinity of New Zealand is shown in Figure 2.6 

(Ridgway, 1979b). Figure 2.6 will be referred to in Chapter 5 for 
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Figure 2.4. Bottom Water temperatures at the ocean floor in the New Zealand 
region. (From Ridgway, 1979a). 



Figure 2.5. The circulation of North Atlantic Deep Water. (From 
van Arx, fig. 7.15). 
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determinig the body of water in which the sample sites lie that were 

investigated in this study. Salinity of the core of AIW around 

New Zealand is shown in Figure 2.7 (Ridgway, 1979c). 

4. Subantarctic Surface Water 

These waters are influenced by surface currents (described in 

Section 2.3) and are characterised by relatively low salinity and 

temperature. Flow depths may be determined from Figure 2.6, as the 

surface waters flow above the core of AIW. McCartney (1977) has 

suggested designating the thick subsurface layer of nearly isothermal 

water to the north of the Subantarctic Front as Subantarctic Mode 

Water. 

5. Subtropical Surface Waters 

These originate in the central Pacific Ocean. They are derived in 

the New Zealand region from the East Australian Current, which is fed 

by the westward flowing South Equatorial Current. 

2.1.2 Oceanic Fronts in the New Zealand Region 

The boundaries between major changes in ocean water 

characteristics are known as fronts. Three major fronts exist in the 

Southwest Pacific between 30°S and 60°S (their locations are shown in 

Figure 2.11). Two of these fronts are of particular interest as they 

lie directly across sample sites. These are the Tasman Front and the 

Subtropical Convergence. Isohalines and isotherms across these fronts 

may be seen in the charts in Figures 2.8 and 2.9 respectively 

(Ridgway, 1979d and e). 

1. The Tasman Front (Subtropical Divergence) 

The Tasman Front marks the boundary of regions of different-flow 

dynamics and is not a water mass boundary. It was formerly called the 

Mid-Tasman Convergence (Stanton, 1969) as it was thought to represent 
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Figure 2.7. Salinity of the core of Antarctic Intermediate Water in the 
New Zealand region. (From Ridgway, 1979c). 
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Figure 2 .8. Salinity of th (From Rid e waters gway, 1979d). 
at 200m depth in the New Z ealand region. 



\ 

ord Howe 
lsland 

17 

14°----:___:______ 

• ! 

Bounty lslan,ds 

Figure 2.9. Temperature of the waters at 200m depth in the New Zealand region. 
(From Ridgway, 1979e). 
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the meeting of waters that had moved across the Tasman Sea by a 

southern route. and waters that had crossed it directly. However, 

accumulated evidence (eg., Denham and Crooks, 1976; Stanton, 1979; 

Andrews et al., 1980) suggests that it is a zonal jet connecting the 

East Australian Current to the flow east of New Zealand. Variations in 

the position of the Tasman Front are probably due to changes in the 

East Australian Current. The Deep Sea Drilling Project Sites 590 and 

591A (examined in this study) are positioned slightly to the north and 

south respectively of this front (see Figure 3.1) and are of interest 

as they are influenced by both warm sub-tropical and temperate water 

masses. 

3. The Subtropical Convergence 

The meeting of warm, saline, Subtropical Waters to the north and 

cooler, less saline Subantarctic Water to the south is marked by the 

Subtropical Convergence. It is continuous around southern New Zealand, 

although along the east coast of the South Island it is known as the 

Southland Front. The Southland Front marks the region of high 

horizontal gradients of salinity and temperature between the 

Subtropical Water inshore and the Subantarctic Water offshore (Heath, 

1977). 

To the east the position of the convergence is determined by the 

shallow waters of the Chatham Rise, which restricts the southward flow 

of the warmer waters. Consequently there is little seasonal change in 

the position of the Subtropical Convergence over the Chatham Rise 

compared to the seasonal latitudinal changes of as much as 6° in the 

open ocean (Deacon, 1937). The Chatham Rise also restricts the 

projection of a high-salinity subsurface tongue southwards. The 

horizontal scale of the tongue is 100-200km south of the shallower 

section of the Rise, increasing to 350km east of Chatham Island 
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(Ridgway, 1975), but it extends for 3000km on the open west coast of 

New Zealand. 

The large horizontal gradients of both temperature and salinity in 

the waters above the Chatham Rise are shown in Figure 2.10. 

2.1.3 Circulation of Currents around the New Zealand Landmass 

New Zealand lies across a major flow of surface waters travelling 

eastward, which have originated from the East Australian Current. The 

waters of the East Australian Current flow southwards to between 31°S 

and 34°S. Part of the waters then continue south as anticyclonic 

eddies to Tasmania, where they meet the northeast flowing West Wind 

Drift at the Subtropical Convergence. The remaining body of water 

turns eastward and flows directly across the Tasman (Figure 2.11). 

The presence of a landmass across this flow causes it to divide. 

Topographical features which influence this division are shown in 

Figure 2.12. 

Waters flowing to the south of the Challenger Plateau pass through 

Fouveaux Strait and join the north-flowing Southland Current. The 

Southland Front separates these waters over the Campbell Plateau from 

low salinity Subtropical Waters which have flowed across the Snares 

Shelf. The Southland Current flows northwards along the eastern 

continental shelf of the South Island (Heath, 1972) and through the 

Mernoo Saddle. Only waters at depths of >800m do not pass through the 

saddle, waters above this depth- are forced upwards (the Saddle has a 

maximum depth of 580m). A cool, low salinity tongue extends north from 

the Saddle. The Southland Front is the eastern side of the tongue and 

the Subtropical Convergence the western side (Heath, 1972). Some of 

the Southland Current waters flow into Cook Strait, the rest diverge 

seawards between Kaikoura and Cook Strait. Eventually the Southland 
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Current turns and combines with the East Cape Current. The combined 

waters flow south to Cape Palliser, then to the east and north where 

they finally form part of the East Cape Current system. (A reference 

map of New Zealand, showing place names mentioned 1n the text, is 

presented in Figure 2.13). 

To the north of Cook Strait the waters of the Westland Current 

(flowing north along the west coast of the South Island) form the 

D'Urville Current which flows into Cook Strait. These mix with waters 

from the East Cape Current and the Southland Current and flow eastward 

to join the seaward bound part of the Southland Current. 

The East Auckland Current is formed from the eastern flow across 

the Tasman to the north of New Zealand. This flows southeast along the 

east coast of the North Island between North Cape and East Cape 

(Barker and Kibblewhite, 1965). To the north of 37°S the flow turns 

northwards, with the more southerly water flowing around East Cape and 

forming the East Cape Current. A warm saline tongue extends southwards 

of East Cape (Heath, 1973), at the southern end of which is a 

permanent eddy at about 41°S, 178°E. 

2.2 Climatic Setting 

2.2.1 The Present-Day Climate of New Zealand 

Physical Influences 

The New Zealand landmass (267 000km 2 in area) stretches for 

1 930km from north to south. From west to east it is only 400km at the 

widest point; consequently the whole country is well exposed to 

oceanic influences - no part being further than 130km from the sea 

(Maunder, 1970). 

61 



62 

162° 

~(BAIi~ 

~le 
0 

/ 

17fl"W 

Strait 

ESSION Q 

i so• 

i ~ ::: 

(3 h •; ,<- ••'~ 
u 

'i'\,,/\ '?t-

\ i l· 
<~v f<-s"v; 
\. ~ 

,._-?-
o"' c; 

CAMPBELL 

PLATEAU 

Figure 2.12. Major topographical features ~ffecting the circulation of 
waters around New Zealand. (From Heath, 1985, fig. 11). 



High mountain ranges cause considerable disturbance in the 

atmosphere and seldom allow the formation of continuous cloud cover. 

Hence there is a high percentage of bright sunshine (Kidson, 1950). 

The orientation of the main mountain ranges along a line of 220° is 

particularly significant as it serves as a block to the passage of 

wind across the country. During southwesterly conditions one coast is 

exposed and the other sheltered small deviations in air flow 

direction can rapidly change which coast is sheltered, with consequent 

rapid changes in weather. The chain of mountains also results in a 

sharp west/east rainfall gradient; the average precipitation in 

Fiordland to the west is ~6 00Omm/y, compared with 330mm/y in Central 

Otago to the east. 

New Zealand is very isolated and surrounded by a vast body of 

water. The air masses reaching New Zealand are considerably modified 

by their long sea passage. "Polar" air from the south becomes "cool 

maritime", and "tropical dry" and "tropical moist" from the north 

becomes "temperate maritime". This modification of air masses results 

in a range of temperatures from highest to lowest (up to 1967)of 58°C 

(Maunder, 1970), with the maximum of 38.4°C being recorded at 

Ashburton. 

Dynamics 

In the Australasian region there is a continuous eastward 

migration of anticyclones at approximately weekly intervals 

(Robertson, 1967). These anticyclones cross the Tasman Sea to the 

east-northeast (relative to their Australian location) over the summer 

from October to March. From April to August they move east-southeast. 

To the west of the anticyclones the flow (usually from the north or 

northwest) of warm maritime air brings mild, humid, cloudy conditions. 
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On the eastern side the flow is generally of cool maritime air from 

the south or southwest, with cool humid air resulting in widespread 

drizzle. In general, anticyclones bring settled weather with light 

winds. 

Low pressure troughs are experienced between anticyclones as the 

cool, moist westerly to southerly airstreams from each preceding 

anticyclone are replaced by the mild, moist northwesterly airstream 

from the following one. It is the confluence of these contrasting 

airstreams that results in troughs. 

The upper level flow in New Zealand (3-15km) is from the west, 

maximised in a jet stream near 13.7km elevation between 25-30°S 

(60m/sec in the winter and 26m/sec in the summer - Gabites, 1953a). 

Temperature gradients in the troposphere from north to south are 

steeper in winter (>l°C/degree of latitude between 25-30°S) than in 

summer (~0.5°C/degree of latitude Gabites, 1953b). Much of 

New Zealand's worst weather is associated with pools of cold air 

(depressions) in the upper levels of the atmosphere. 

The climate of New Zealand can generally best be described as 

humid and temperate with glaciers confined only to the Southern Alps 

(South Island) except for one small summit glacier on Mount Ruapehu 

(central North Island). 

2.2.2 Climatic Record of New Zealand for the Late Quaternary 

Climatic conditions during the Quaternary have been determined 

from a variety of physical data, including glacial deposits, 

periglacial features, geomorphic evidence of depressed snow lines, 

palynology, and sea-level changes. 

figure 2.14 and Table 2.1 have been included here to clarify the 

nomenclature and dates of subdivisions of the New Zealand Quaternary. 
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Figure 2.14 (Edwards, 1987) shows the Haweran Stage (formerly the 

Haweran Series) extending back 0.4my into the Quaternary. The Haweran 

may be further subdivided into Aranuian, Otiran, Oturian, Waimean, 

Terangian, Waimaungan, Waiwheran, and Porikan (Table 2.1). Of these 

subdivisions only that time covered by the Aranuian, Otiran, Oturian, 

and Waimean periods has been looked at in the majority of cores 

analysed. These subdivisions extend back to the 5/6 stage boundary. 

Table 2.1. Subdivisions of the Haweran Stage (N.Z. Upper Quaternary). 

Stage Sub-stage ky B.P. 

Haweran Aranuian (interglacial) 14 

Otiran (glacial) 70 

Oturian (interglacial) 130 

Waimean (glacial) 

Terangian (interglacial) 250 

Waimaungan (glacial) 

Waiwheran (interglacial) 

Porikan (glacial) 500 

The glacial record of New Zealand has received considerable 

attention. During the Late Quaternary glaciers extended down all of 

the main valleys of the Southern Alps, which at times of maximum 

expansion united along the western base of the Southern Alps to form 

aprons of piedmont ice. Outwashes gravel from the various advances 

resulted. In the absence of interglacial deposits, the time elapsed 

between successive glaciations may be determined by considering the 

degree of weathering and erosion that occurred between glac1al 

advances (Suggate, 1978). Since the stratigraphic relations of glacial 

and interglacial deposits are best known in Westland, this is the area 
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from which the standard series of glacials for New Zealand has been 

established. Westland is particularly sensitive to climatic variations 

as the high, steep, western face of the Southern Alps is exposed to 

sources of abundant moisture, and the glaciers are fast-flowing with 

rapid turn-over budgets. Variations in precipitation and ablation 

affect the glaciers considerably. For example a 2-3°C drop in 

temperature is sufficient to produce the same results (of glacier 

expansion) as a 5-7°C drop to the east of the Alps (Maunder, 1970). 

Although extensive glacial deposits occur on both sides of the 

Alps, correlation of these has proved difficult partly because the 

preservation of glacial deposits retaining depositional morphology is 

dependent on rate and timing of uplift (Suggate, 1985). In most cases 

only four Late Quaternary glaciations can be distinguished. The 

youngest of these, the Otiran, contains at least three advances; older 

Kumara-2, younger Kumara-2 (22.3-18ky B.P.) and Kumara-3 (17-14ky 

B.P.) (Radiocarbon dates are from Suggate (1965) and Suggate and Moar 

(1970)). It has generally been held that the New Zealand Late 

Quaternary glacial sequence is comparable to that seen in the Northern 

Hemisphere (Suggate, 1978). 

The snow line in New Zealand during the cool maximum of the Otiran 

glaciation is estimated to have been lower by ~l 200m on average from 

its present position (currently ~2 000m in the southwest South Island 

to 3 700m on Mount Ruapehu in the North Island - Willet, 1950). 

Prevailing winds between southwesterly and northwesterly quarters 

appear to have been dominant during the Otiran glacial periods: East 

Canterbury loess deposits indicate deposition largely from the 

-
northwest, and evidence from glaciers suggests a buildup by 

precipitation largely from the west or northwest (Gage, 1965). The 

weak glaciation of the Kaikoura Ranges close to the 
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northeast/southwest extending "east" coast also suggests a lack of 

snow nourishment from the east or south during glacial periods. 

Quaternary glacial deposits in New Zealand have characteristics 

suggestive of a plentiful supply of water during glacial advances 

resulting in relatively small moraines (compared with those in 

strongly continental settings). Erratic sequences of deposits along 

the sides of glaciated valleys suggest complex cyclic weather 

patterns, where low-pressure troughs could bring heavy rain and result 

in unseasonal ablation of the glaciers. Although mean temperatures may 

have dropped by 6°C (Willet, 1950), spells of above freezing weather 

must have occurred during glacial winters (Gage, 1966). 

2.2.3 Correlation of On-land Records to Deep-Sea Records 

Coastal deposits and landforms indicative of changed sea levels 

have been preserved in some regions of New Zealand. Kamp (1978) was 

the first to demonstrate a correlation between palaeoceanographic 

oxygen isotope stages and New Zealand on-land sequences. Beu and 

Edwards (1984) showed a correlation between isotope stages 7a-25 

defined in core V28-239 (isotope data from Shackleton and Opdyke, 

1976; revised time scale of curve from Gardner, 1982) and on-land 

marine sequences from the Castlecliffian sequence exposed west of 

Wanganui. Disconformities were interpreted as being the result of 

glacio-eustatic sea level drops. Most of the sequence was deposited 

during interglacial periods. Changes in sedimentation rates in the 

sequence were judged to be reflective of a change from off-shore to 

near-shore depositional sites. Correlation between the on-land 

deposits and V28-239 was achieved by considering a number of tie 

points provided by: 
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1. Biostratigraphic data. 

2. The Brunhes/Matuyama magnetic polarity boundary (19/20 isotope 

stage boundary). 

3. Fission-track dating of tephras. 

Correlation of the lower resolution sampling of DSDP 594 (at 30cm 

intervals) to V28-239 and the Wanganui Terraces was presented by 

Cuthbertson (1985). 

Marine terraces exposed on the South Taranaki coastline have also 

been dated and correlated with offshore data and interpreted to match 

each of the interglacial isotope stages from 11 to 17 (Pillans, 1983). 

Pollen analysis by McGlone (1985) of sediments in the North Island 

have displayed complex vegetational changes which may be related to 

the deep sea oxygen isotope record (Figure 2.15). Isotope stage 5 

(130-70ky B.P.) has been recognised with three warm forested episodes 

and two cool climate episodes (characterised by partially treeless 

landscapes). The Otiran stage (~115-l0ky B.P.) has also been 

recognised as being characterised by cool climates and treeless shrub 

and grass landscapes. A long shrubland-dominated Moerangi interstadial 

(~55-25ky B.P.) equivalent to stage 3 has been noted with forestation 

in some regions. Rapid forest expansion after the treeless glacial 

maximum (25-14ky B.P.) occurred until full forest cover was 

established ~l0ky B.P. McGlone suggested a stratigraphic nomenclature 

for the southern North Island, with correlation to the Late Quaternary 

deep sea record, and confined the classification of the last 

interglacial to stage Se (Oturian) only, as this was the last period 

for which vegetational distribution was comparable to that of the 

present day. 

Edwards (1987) has published an extensive review on the 

integration of biostratigraphic, magnetostratigraphic, and oxygen 
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isotopic events for the Late Neogene of New Zealand. This is of 

particular interest as the oxygen isotope marine stratigraphy is 

largely provided by analysis of sequences from DSDP Site 284 (Kennett 

et al., 1974). Site 284 was re-cored by DSDP during Leg 90 as Site 593 

(Kennett et al., 1986), which has been extensively isotopically 

analysed both in this study (back to 42m sub-bottom depth) and by 

P.S.Head (D.Phil., in prep., University of Waikato) beneath 42m sub­

bottom depth. 

2.3 Oceanic Sediment Investigations in the Southwest Pacific 

Quaternary marine sediments from the southwest Pacific are 

available from several sources. A number of locations in New Zealand 

experienced rapid uplift during the Quaternary, so that thick 

sequences of Early to Middle Quaternary marine sediments are exposed 

in Hawkes Bay, Wairarapa and Wanganui (Beu and Edwards, 1984). Useful 

as these sequences are, they suffer from a number of disadvantages for 

oxygen isotope stratigraphic studies. This is because they often 

display unconformities resulting from fluctuating sea levels, they may 

be influenced by low 180 terrestrial run-off, and they are also prone 

to post-depositional changes such as cementation and weathering. 

Available cores for the analysis of off-shore sediments in the 

New Zealand region have largely been derived from three sources: 

1. The eleven cruises of the N.S.F. oceanographic research vessel 

Eltanin (1962 to 1972) took piston cores from 180° to 95°E and from 

~34° to 78°S through the Tasman Sea and the South Pacific from 

New Zealand to the Ross Sea. 

2. The N.S.F. Deep Sea Drilling Project used the research vessel 

Glomar Challenger which ran three cruises in the New Zealand region. 
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The first two of these, Leg 21 in 1971-72 (Cores 206,207 and 208) and 

Leg 29 in 1973 (Cores 275-281, 283 and 284) used conventional rotary 

drilling techniques, which recovered lithified sediments to 

considerable depths, but resulted in very poor recovery of the 

overlying unconsolidated sediments. (Site locations are shown in 

Figure 2.16). The third cruise (Leg 90, 1982-83) used the then newly 

developed hydraulic piston corer to recover these sediments relatively 

intact. 

3. The New Zealand Oceanographic Institutes research vessel 

Tangaroa has obtained many short to medium length piston cores from 

New Zealand waters. 

Some piston cores from the Tasman Basin have also been recovered 

by the r.v. Oceanographer, a U.S. coastguard and geodetic survey ship, 

on a passage between Sydney and Auckland. 

However, compared to the vast quantity of work carried out on Late 

Quaternary deep-sea sediments in most ocean basins, relatively little 

work has been done in the Southwest Pacific region. 

Micropalaeontological work was conducted by Eade and van der 

Linden (1970) on twelve deep-sea cores taken from the northern Tasman 

Sea by the r.v. Oceanographer, including 22108 which is analysed in 

this study. Six cores taken to the west of the Dampier Ridge (shown in 

Figure 2.17) were characterised by low percentage carbonates and a 

high proportion of elastic material. The six cores to the east of 

Dampier Ridge were all dominantly calcareous in nature. Sedimentation 

rates calculated for this region were found to be low (1-5.Scm/ky), 

but doubled during the last glacial. 

Shackleton and Kennett (1975) obtained a detailed palaeoclimatic 

sequence from stable isotope studies of DSDP Sites 277, 279 and 281. 

Their aim was to examine the earlier development of the Antarctic ice 
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sheet and the related deep-temperature structure of the ocean. Isotope 

changes in the benthic foraminifera Uvigerina during the Tertiary were 

inferred to reflect mainly ice volume changes in polar regions. 

Site 284 oxygen and carbon isotope values were examined by Kennett 

et al. (1979). The oxygen isotope compositions of three species of 

planktonic foraminifera (G. quinqueloba, G. bulloides and 

Neogloboquadrina) and one of benthic foraminifera (Uvigerina) were 

shown to display a ranking consistent with palaeo-depth habitat. 

Luz (1977) did extensive work on the statistical analysis of 

planktonic foraminifers. He examined the tops of 78 South Pacific 

cores in order to derive a transfer function to relate sea-surface 

temperatures to foraminiferal assemblages. Luz derived a 

palaeotemperature record of the past 150ky and estimated sea surface 

temperatures for the last glacial maximum. He found the greatest 

change between glacial and present-day conditions, and hence the most 

sensitive region to climatic change, to be at 50°S. Malmgren and 

Kennett (1981) examined the morphological changes in planktonic 

foraminifera, since changes in shape measurements may offer a method 

of stratigraphic correlation between the temperate South Pacific 

sequences. Changes in these sequences were later examined by 

Srinivasan and Kennett (1983) over the Oligocene-Miocene transition in 

South Pacific cores. 

Cruises 1063 and 1097 of the r.v. Tangaroa collected a large 

number of piston cores from the Pacific Ocean off the east coast of 

the South Island. 36 of these cores were studied by Griggs et al. 

(1983), involving core desciption, textural and microfaunal analysis 

and carbon-dating of foraminiferal-rich sediment. Griggs et al. found 

that during low sea level glacial periods South Island east coast 

rivers delivered vast volumes of sediments to the shelf edge. 
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Micaceous hemipelagic deposits, 

remains, dominated the sediments 

consisting mainly of siliceous 

of the deep adjacent basins. 

Increased dissolution of planktonic foraminifera made them rare, with 

cool-water forms predominating. Higher sea levels during interglacials 

led to decreased sedimentation in the deep basin, and the retreating 

of glaciers left deposits in glacial lakes and on the plains. A 

foraminiferal-rich pelagic sediment was deposited. Late Quaternary 

marine sedimentation adjacent to southeast New Zealand was thus shown 

to be dominated by palaeoclimatic influences controlling terrigenous 

sediment input, dissolution, biogenic productivity and planktonic 

microfossil migration. Cores Q200, Q217 and Q219 (isotope values 

presented in this thesis) were among those studied by Griggs et al. 

for which glacial/interglacial boundaries were assigned on the basis 

of colour and coarse-fraction changes. These boundaries will be 

discussed and compared with the isotope boundaries in Chapter 5. 

Work to date on DSDP Site 594 (Cuthbertson, 1985; Nelson et al., 

1986) has revealed similar pelagic/hemipelagic sedimentation cycles 

dependent on climate, as were found by Griggs et al., extending back 

to (and beyond) the Brunhes/Matuyama palaeomagnetic boundary. Site 594 

also displayed a correlation between CaCO 3 content and climatic 

conditions. Alpine glaciation in the South Island was shown to be in 

phase with the major fluctuations of the Pleistocene ice sheets. Site 

594 has been resampled at higher resolution, and the stable isotope 

ratios are presented in Chapter 4. 
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Chapter Three 



SAMPLING AND EXPERIMENTAL TECHNIQUES 

3.1 Drill Site Locations 

Oceanic sediments for this study were available from two sources: 

(a) Short piston cores collected (or held) by the New Zealand 

Oceanographic Institute (NZOI), from New Zealand waters. (b) Long 

cores of Quaternary sediments collected by the DSDP. 

The DSDP have organised a number of cruises designed to provide 

palaeoceanographic information from continuous sequences with 

relatively high sedimentation rates, to enable high resolution 

stratigraphies to be determined. These have included Leg 68 

(Carribean, Gulf of Panama), Legs 72-76 (South Atlantic), Leg 85 

(eastern equatorial Pacific), and Leg 87 (northwest Pacific). During 

December 1982/January 1983 a further cruise in this sequence was 

undertaken. This was Leg 90 which concentrated on the southwest 

Pacific region. 

A sequence of eight middle to late Cenozoic cores (Site numbers 

587-594) of high quality were successfully recovered from a series of 

holes drilled in a transect from 21°S to 45°S. A further site (Site 

586) had been drilled on the northern extremity of the ship's traverse 

during Leg 89. (Site 586 had also previously been occupied during Leg 

30 and drilled as Site 289, but this was prior to the development of 

hydraulic piston core techniques and so was re-drilled at an adjacent 

site to provide better quality Cenozoic sequences. Site 588 likewise 

had previously been cored as Site 208 during Leg 21). The inclusion of 

- -
Site 586 provided a complete traverse of the southwest Pacific-from 

the equator to 45°S. 

78 



A number of platforms extending latitudinally across the sea bed 

makes the southwest Pacific an ideal location for shallow water 

drilling, as they enable the carbonate sediment rain to be intercepted 

before it falls below the lysocline and undergoes 

dissolution in the bottom waters. Site 586 is located on the 

Ontong-Java Plateau, Sites587-592 are on the Lord Howe Rise, with Site 

593 on the Challenger Plateau and Site 594 on the Chatham Rise (Figure 

3.1). 

The availability of a series of high quality long cores through 

the Quaternary and located along a traverse from 45°S to the equator 

(Table 3.1) has provided the impetus for this study of the climatic 

history of the southwest Pacific. Carbonate preservation within the 

cores is such that they provide ideal material for an oxygen isotope 

stratigraphy (Kennett et al., 1986). 

Table 3.1. Locations of DSDP Sites 586-594 (Kennett et al., 1986) 

(depicted in Figure 3.1). 

DSDP Site No. Location Water Depth (m) 

586 00°29.84'S;l58°29.89'E 2208 

587 21°ll.08'S;l6l 0 19.99'E 1101 

588 26°06.70'S;l61°13.60'E 1533 

589 30°42.72'S;l63°38.39'E 1391 

590 31°10.02'S;l63°21.5l'E 1299 

591A 31°35.06'S;l64°26.92'E 2131 

592 36°28.40'S;l65°26.53'E 1098 

593 40°30.47'S;l67°40.47'E 1068 

594 45°31.4l'S;l74°56.88'E 1204 

In order to provide a more complete picture of the water masses in 

this region seven further cores were analysed from the NZOI collection 
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in Wellington. These are short piston cores recovered from the 

r.v. Tangaroa (with the exception of Z2108, which was collected by the 

r.v. Oceanographer (see Section 2.3)). These cores, and their site 

locations, are listed in Table 3.2. 

Table 3.2. Site locations of NZOI cores (see also Figure 3.1). 

Site No. Year 1 Location Water Depth (m) 

Z2108 2 1967 33°22.6'S;161°36.8'E 1448 

Q858 1983 39°49.6'S;l78°03.5'W 3735 

Q219 1979 45°00.9'S;174°59.2'E 1122 

Q200 1979 45°59.7'S;172°01.5'E 1370 

Q580 1980 46°12.2'S;179°00.0'W 3964 

Q217 1979· 46°27.9'S;175°04.0'E 1936 

Q585 1980 49°42.2'S;177°55.5'W 4354 

1 Refers to year of coring. 

2Cored by U.S. Geodetic Survey, samples held at NZOI. 

3.2 Samples 

3.2.1 Sample Collection 

Shipboard sampling of the Quaternary section of DSDP cores from 

Leg 90 was done on board Glomar Challenger by the shipboard 

scientists, including Dr. C.S.Nelson (University of Waikato). About 

10cc plugs were taken from the cores at 20-40cm intervals. These plugs 

were sealed in polythene bags until use. All samples were assigned a 

sample number in accordance with DSDP convention (i.e., core number­

section number-depth in section). Each section within the core bejng 

1.5m long. For example, a sample designated as 3-2-120 means the 

sample has been taken from 120cm down the 2nd section of core number 3 

at a given site location. The site numbers run consecutively from the 
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first site drilled in 1968. The first hole drilled at a site bears 

only the site number, subsequent holes are given the site number and a 

letter. e.g., 594, 594A, 5948. etc. Further high resolution samples 

were provided by the DSDP on request. 

NZOI samples were taken at 10cm intervals from cores held in 

storage in Wellington, and were handled in an identical fashion to the 

DSDP samples. 

The DSDP cores chosen for analysis were to provide a complete 

picture of S18O changes occurring in the New Zealand region during the 

Late Quaternary. As Site 594 had already provided an exceptionally 

detailed record of these changes (Cuthbertson, 1985), attention was 

focused on the NZOI sites to the east of New Zealand in the vicinity 

of Site 594. 

3.2.2 Sample Preparation (Initial Treatment) 

All samples for analysis were treated in exactly the fashion 

described below in order to minimise variations in results due to 

inconsistencies in experimental procedure. 

Method 

½to¾ of the sample plug was placed in a wide-necked 50ml flask. 

40ml of pH 9.4 buffer solution was then added. This solution was 

prepared by dissolving 4g of NaHCO 3 and 1-3g of Na 2 CO 3 (the pH is 

adjusted to 9.4 by the Na 2CO 3 addition) in 201 of distilled water, as 

described by Hay (1977). pH 9.4 allows the best dispersion of clays, 

and enables them to be most easily eliminated from the sample. In 

addition, dissolution of the foraminiferal tests is minimised. 

The sample and solution were gently agitated for 10-lSmin on an 

auto-shaker to aid disaggregation, and then left soaking overnight. 

(Some samples proved difficult to sieve and were left soaking for 
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Figure 3.2. Picking tray used in the selection of foraminiferal 
samples by microscope (actual size 8 X 5 X 0.25cm). 



several days as necessary). The next day samples were washed through a 

63µm-mesh sieve with the buffer solution. The <63µm mud fraction (or 

silt+ clay) was left to settle, and the supernatant liquid removed by 

suction. The remaining 50ml volume suspension was washed into a glass 

jar and stored at 4°C for percentage mud and S.E.M. nannofossil 

analysis. 

The >63µm fraction was washed with distilled water back into the 

50ml flask and probed in a sonic bath for 10sec. The samples were then 

re-sieved to remove the fine material (of <63µ.m) released in this 

fashion. The remaining >63µ.m fraction was then washed onto filter 

paper, rinsed, and dried at room temperature. The dried samples were 

weighed and the percent sand determined. 

The >63µ.m samples were then sieved through a 125µ.m-mesh sieve, and 

the >125µ.m fraction was weighed to determine "coarse" sand content. 

This coarse fraction was spread over a picking tray and placed under a 

microscope. (The picking tray was a flat piece of metal, painted matt 

black for easier viewing, with raised sides and holes at regular 

intervals across the surface ( figure 3.2). This allowed the 

foraminifera to be dropped through to the sample bottle fixed below 

the microscope stage. 10-20 specimens of the benthic foraminifer 

Uvigerina spp. (Figure 3.3) were then picked for isotopic analysis 

(Uvigerina perigrina was the preferred species, and species very 

similar in structure). Since planktonic foraminifera have less shell 

than the heavier, bottom-dwelling benthics, 30-35 Globigerina 

bulloides d'Orbigny (Figure 3.4) were picked for the planktonic 

sample. A uniform size (250-350µ.m) of this species was sought, since 

they float in the ocean at a depth that is dependent on their w~ight 

(Ramsay, 1977). Where Uvigerina spp., and G.bulloides were not present 

(in cores taken from the more northern sites, 586 and 588) two 
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Figure 3.3. Scanning electron microscope (SEM) photograph of Uvigerina 
spp. 

Figure 3.4. SEM photograph of Globigerina bulloides d'Orbigny. 
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Figure 3.5. SEM photograph of Globigerina sacculifera. 

Figure 3.6. SEM photograph of Globigerina ruber. 
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planktonic species were picked. These were Globigerina sacculifera 

(Figure 3.5) and Globigerina ruber (Figure 3.6). 

After picking, all samples were washed with methanol and probed 

ultrasonically for lmin to remove any extraneous material, and then 

left until the methanol had completely evaporated. The clean samples 

were finally checked under the microscope, where unwanted material and 

unsuitable specimens were removed, and the foraminifera recounted. 

They were then stored in small glass bottles until analysis. 

3.3 Vacuum Roasting 

Residual organic contaminants were removed from the purified 

foraminiferal samples by vacuum roasting at 400°C. This treatment may 

not have been essential in all cases, but a standardised treatment of 

samples was desirable. 

The roasting tube consisted of a pyrex cylinder wound around with 

nichrome wire, to form the heating element, and then covered with 

several layers of asbestos insulation paper (after Burns, 1980) 

(Figure 3.7). 

The samples were placed in small glass vials, which were held by a 

hollow glass tube with holes in it, called a piccolo (Figure 3.8). The 

piccolo had a hook at one end to facilitate extraction from the 

furnace tube. The glass stopper was sealed with high vacuum silicon 

grease and the tap to the air was closed. The entire system was then 

evacuated to ~lµm Hg for 15min and then the heating element was turned 

on. Samples were roasted for 2½h and then allowed to cool under 

vacuum. 
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3.4 Preparation of the CO 2 Sample 

The system used for CO 2 generation was a modified version of that 

employed by Burns (1980), who based his design on Shackleton (1965a, 

1965b). Shackleton described a method of production of CO 2 gas from 

very small samples by reaction with 100% H3 P0 4 (see discussion in 

Section 1.3). 

The equipment used is shown schematically in Figures 3.9 and 3.10. 

Burns' original design involved ten reaction vessels attached to the 

reaction line manifold. This, however, led to problems of isotopic 

fractionation varying with the position of the sample down the line. 

The line was redesigned with only one reaction vessel operating at a 

time, and then further modified to duplicate this set-up with an equal 

length of tubing in each of the two lines. With this modification the 

line satisfied the requirements for handling small volumes of CO 2 : 

1. Complete CO 2 collection. 

2. No isotopic exchange. 

3. No contamination of samples (by air, water, grease, pump oil etc.). 

Moreover, the two lines operated with staggered timing allowed for 

production of CO 2 as quickly as the mass spectrometer could analyse 

the previous sample gas, and so was very efficient. 

The CO 2 production part of the line was contained within an oven 

kept at 50°c. as described by Shackleton (1965a). This was constructed 

on a trolley for easy removal from the vicinity of the mass 

spectrometer. The cold traps were immersed in dewars containing 50:50 

ethanol:propanol mixed with liquid nitrogen and kept between -90°C and 

-110°c. 
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3.5 Orthophosphoric acid 

The orthophosphoric acid was prepared by the following method 

(after Duplessy - pers. commun., 1983): 100-200ml of 80% H3 P0 4 (8.D.H. 

Analar grade) was put in the bowl of a rotary evaporator and the 

system evacuated using a rotary oil pump. The presence of a large cold 

trap surrounded with liquid nitrogen helped to remove water as it was 

driven off. The acid was heated progressively to 200°C over 6h, and 

was then left overnight at room temperature. The next day it was again 

heated at 200°C for 6h, and then for 1 further hour at 220°C. This 

acid was cooled under vacuum and then poured into the acid reservoir 

of the reaction line. An outline of certain problems encountered with 

the use of this acid is presented in Section 3.9. 

3.6 The Mass Spectrometer 

Since the completion of Burns' (1980) experimental work, 

modifications have been carried out on the original Micromass 602c 

mass spectrometer (manufactured by V.G. Micromass Ltd., England). (For 

detailed operating instructions see Cuthbertson, 1985). 

The Micromass 602c is a 90° sector magnetic deflection instrument, 

with a 6cm radius. The gas is introduced to the mass spectrometer 

through a double batch inlet system with balanced capillary leaks. It 

then flows through an all-metal solenoid-operated changeover valve, of 

the type described by McKinney et al. (1950), to the ion source. A 

balanced flow is maintained by bleeding away the gas not being 

analysed. 
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2 sigma 10 0.006 
Pef ratio 29824 PPm 

Figure 3.11. Printout from the HX-20 control unit of the mass 
spectrometer. 



Twin Farraday plate collectors allow the enrichment of a gas of 

unknown isotopic composition to be related directly to that of a known 

standard. 

The 602c at Waikato University has been modified by the 

replacement of the amplifiers and the addition of an Epson HX-20 

control unit to bring it up to 602e specifications. The HX-20 is 

programmed to take ratio data from sample and reference gases over 

twelve operations of the changeover valve. It then prints out pressure 

and ratio data for the twelve changeovers and automatically calculates 

the ten delta values obtained from these changeovers, and the mean per 

mille deviation. An example of the type of printout obtained is shown 

in Figure 3.11. 

3.7 Per Mille Deviations 

13C/ 12C and 160/ 160 ratios are reported as per mille ( 0 / 00 ) 

deviations (o values) from a standard. Hence for a sample A with 

isotopic ratio R, compared with a standard of isotopic ratio Rstd, the 

mass spectrometer would normally be giving: 

Ostd A = R - R,td X 1000 
Rstd 

where a positive delta value is indicative of an enrichment, and a 

negative value a depletion, in the heavier isotope with respect to the 

standard. 

However, the employment of a mobile trolley carrying the reaction 

line meant that, in order to avoid a long connection betw~en the 

reaction line and the mass spectrometer, the sample gas had to be 

introduced to what was normally the reference side of the mass 
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spetrometer. Since this resulted in the mass spectrometer being 

operated "backwards" the HX-20 was calculating 8 values from: 

8std A = Rstd- R X 1000 
R 

This meant that the signs of the 8 values were opposite to what 

they would have been had the mass spectrometer been set up in the 

usual fashion, hence adjustments were made accordingly. A difference 

in the per mille deviation result also occurred, but since the sample 

and reference ratio values were similar the difference was only small, 

and even in extreme cases where 845 or 846 reached 5°/00 the error was 

only 0.02°/ 00 , which was not significant being less than the 

standard deviation of the NBS-19 value (discussed in Section 3.8). 

The mass distribution of carbon and oxygen isotopes in natural CO 2 

is shown in Table 3.3. It may be seen that to measure the 13C/ 12C 

ratio the mass spectrometer must compare the mass 45 and mass 45+44 

ion beams, and for the 180/ 160 ratio mass 46 and mass 45+44 must be 

compared. 
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Table 3.3. The mass distribution of carbon and oxygen isotopes in 

natural CO 2 (from McCrea, 1950 l. 

Mass Contributing Individual Relative abundance 

species abundance of given mass 

44 12C16Q 2 0.9842 0.9842 

45 13c16 02 1. 095Xl0- 2 0.01172 

12c16 0 170 7. 7Xl0- 4 

46 12c1601so 4. 02sx10- 3 0.00403 

13c160 170 1. 6Xl0- 6 

12c1702 1. sx10- 7 

47 13ct6otso 4.48Xl0- 5 4.63X10- 5 

12c170 1s0 l.6Xl0- 6 

13c1702 1. 1x10- 9 

48 12c1so2 4.12x10- 6 4.13X10- 6 

13c170 1s0 l.8Xl0- 8 

49 13c1s02 4.6Xl0- 8 4.6Xl0- 8 

All All 1.0000 1.0000 

A number of corrections must be made to the 845 and 846 values to 

obtain the 813C and 8 16 0 values. This is partly because the ion beams 

of mass 45 and mass 46 are composed of a variety of different isotopic 

ions, and also because the double collector system measures both mass 

45 and mass 44 on the minor collector, when set up on mass 46. In 

addition, the final 8 13C and 8 180 results are required relative to the 

PDB standard (discussed in Section 3.8) for which a conversion 

equation is needed. The equations used for this thesis have been 

derived by Burns (1980), based on work by Mook (1968) and Grinstead 
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(1977). Adjustments have been made to allow for the different 

international standard used (Burns used NBS-20). 

The equations are: 

8 18 OpoB = 0.999 846 + 0.0098 845 - 0.80 

8 13 CPDB = 1.063 845 - 0.034 846 - 4.50 

These give the 8 18 0 and 8 13C values with respect to PDB (refer to 

Section 3.8). This is done by a series of comparisons: The sample is 

analysed in conjunction with a local standard gas (in this case WLS). 

WLS is analysed against an international standard (NBS-19), and NBS-19 

has previously been run against PDB (Coplen et al., 1983). Thus the 

enrichment or depletion of the sample, relative to PDB, may be 

determined. (The standards WLS, NBS-19 and PDB mentioned here are all 

discussed in Section 3.8). 

These equations are valid only when differences between the sample 

and standard are small (<10°/ 00 ), as it is only in this range that 

correction factors for tail contribution, zero enrichment, memory 

effect, and valve mixing can be ignored (Grinstead, 1977). 

3.8 Standards 

The PDB standard (not now available) was the CO 2 obtained from the 

reaction of 100% H3 PO 4 , at 25°C, with a belemnite guard from 

Belemnitella americana, a Cretaceous belemnite from the Pee Dee 

Formation in North Carolina, U.S.A. (Friedman and O'Neill, 1977). 

Various international standards have been run against PDB for 

comparative purposes. Following advice from Shackleton (Cambridge 
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University, U.K.) and Blattner (Institute of Nuclear Sciences, N.Z.), 

NBS-19 was adopted as a standard, which was obtained from the National 

Bureau of Standards (Washington, D.C.) in a coarsely ground form. Just 

before reaction with the H3 P0 4 it was ground up further to lower 

reaction times. 

The NBS-19 (TS limestone) calibration values with respect to PDB, 

as quoted by the National Bureau of Standards, are presented in 

Table 3.4. 

Table 3.4. Calibration of NBS-19 (Coplen et al., 1983). 

cf. PDB NBS-19 

1.92 

-2.19 

a 

0.02 

0.02 

The 845 and 846 values obtained from running NBS-19 against the 

local standard, WLS, are given in Table 3.5. 

Table 3.5. NBS-19 cf. WLS. 

cf. WLS 

845 

846 

NBS-19 

5.99 

-1.45 

a 

0.04 (over 100 values) 

0.10 (over 157 values) 

WLS was the reference gas used as a running standard. It was 

prepared by Burns from the reaction of Waikato Limestone_witb 1QO% 

H3P0 4 . The bulk of this reference was contained in a 91 glass storage 

cylinder, and a small aliquot of gas was removed for use in the mass 

spectrometer. A new aliquot was used every three days, since the 
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reference gas slowly fractionates as it bleeds through a capillary 

tube in the mass spectrometer when it is running. 

3.9 Experimental Problems 

3.9.1 Acid Deterioration 

During the course of the experimental work it became apparent that 

the H3P0 4 used in CO 2 generation was not stable, in that over a period 

of several days the standard 846 values would change. The average 

NBS-19 846 values for successive days are presented in Table 3.6. 

Changing the method of production to that of Shackleton (pers. 

commun., 1987) did not result in any improvement. (Shackleton's method 

involved heating the acid in a water bath, so that the temperature did 

not rise above l00°C). However, as the values obtained for days 1 and 

2 were always consistent these were used to determine the mean 846 

value for NBS-19 (given as -1.45°/00 in Table 3.5). A standard was run 

at the end of each day, and it was found that the acid did remain 

stable for the 8-lOh that it was used in a days work. Hence on days 3 

and 4 it was possible to adjust the 846 values to correct them to the 

average for the standard. 845 values were not found to alter with time 

(the standard deviation of 100 845 values, over all four days, was 

only 0.04°/ 00 ). 
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Table 3.6. Variation of NBS-19 046 values with increasing age of H3P0 4 

Days after NBS-19 046 a 

preparation. (wrt WLS). 

1 -1.40 0.08 (over 82 values) 

2 -1. 51 0 .12 75 

3 -1. 60 0 .15 46 

4 -1. 72 0.23 42 

Both Shackleton and Duplessy stated that their acid was usable for 

some months after production, but this was certainly not the case at 

Waikato where instability of the acid necessitated making up a new 

"batch" every week. It was thought that if the acid was made up in a 

large volume, and allowed a period of time for stabilisation, then the 

day to day stability could well be improved, but unfortunately this 

did not prove to be the case. Making up the acid on a weekly basis had 

to suffice, and did not in any way hinder the analytical process. It 

is possible that the inconstant behaviour observed with the H3 P0 4 

arises as a result of the formation of a mixture of polyphosphoric 

acids, and that these continue to form through elimination of water 

and polymerisation. Long-term storage of the "100%" H3P0 4 often 

resulted in the entire mass crystallising, even when stored at 50°C. 

3.9.2 Instrumental Difficulties 

For the benefit of future operators some of the problems 

encountered with the use of the 602e Micromass are mentioned here. 

Apart from electronic faults (which should only be dealt with by 

the electronics technicians) the principal problem involves the 

integrity of the taps. Since the 602e at Waikato University is not 

devoted to only one mode of operation there is frequent changing of 
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the connections into the inlets. This unfortunately entails the 

ingress of a great deal of air and dust into the system which probably 

contributes to the problems of leaking taps (careless use will 

likewise contribute to this). Closure of the taps involves a knife 

edge pressing into a soft copper disk, and when the disk is less than 

clean a perfect seal is not achieved. Tightening of the taps to 

increase the pressure on the disks works for a while, but eventually 

the soft disk becomes impressed by the knife edge and so the seal 

slackens off again. Frequent tightening hence means frequent 

replacement of the copper disks, which is both time consuming and 

ultimately expensive. Care should be taken to treat the taps with 

respect. 

In addition to leakage, some problems have been encountered with 

the incomplete opening of the taps: A spring washer is supposed to 

open the taps when the knife edge is lifted, but when these get older 

the "spring" of the metal is lost and the taps do not open 

sufficiently to allow the gas to flow through quickly. Fractionation 

then results, with the molecules containing the light isotopes moving 

more rapidly through the restricted tap opening than those containing 

-the heavy isotopes. The translational velocities of the gas molecules 

are inversely proportional the square roots of the ratio of their 

molecular weights (Hoefs, 1973). 

So for CO 2 velocity c12c16 0 16o) =pj 
velocity (ncr6oi6o) 

= 1.011 

and velocity (12c160 16o) 
=~ velocity (12crs0 160 ) 

= 1.022 . 

The delta values are obtained from the equation 

= 1000 (Rs amp I e -
Rstandard 
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Figure 3.12. Plot of the 645 and 646 mass ratios of CO 2 generated from 
NBS-19. The gradient reflects the fractionation difference due 
to mass between 645 and 646. 



The standard is the unfractionated gas volume in this case, so 

Rs ample 1.011 Rstandard for mass 45, 

and Rs ample = 1.022 Rstandard for mass 46. 

Thus for mass 46: 

046 = 1000 (1.022 - 1) = 22 

and for mass 45: 

045 = 1000 (1.011 - 1) = 11 . 

Hence it may be seen that there is a 2:1 fractionation factor for 046 

cf. 045, which is represented by the slope of the graph in Figure 

3.12. The figure shows the spread of 045 and 046 values obtained from 

NBS-19 (against WLS) when the inlet tap on the sample was not opening 

sufficiently, and well illustrates the fractionation that occurs. The 

cluster of results around -1.40 to -1.50 (046) and 6.00 (045) are the 

unfractionated "correct" values. 

Another problem which occurs is the "sticking" of the changeover 

valve, as it fails to shift completely between sample and reference. 

This is clearly seen by an unexpected drop in the ratio reading 

(usually only for one value) which affects three of the computed o 

values. Clearly if this occurs too frequently it is a major problem. 

This usually means that the sapphire bearings on which it operates 

have become chipped and servicing is required. 

3.9.3 Calculation Problems 

Comparison of the results presented in Chapter 4 for Cores 593 and 

594 with previously published data (Nelson et al., 1986, 1986a) reveal 

considerable differences in 6180 and 613C values. This is partly due 
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to early problems with standards in the original work, and partly due 

to a subsequently detected error in the calculation of 0 18 0 and o13 C 

values relative to PDB (see Section 3.7). This error has since been 

corrected, the previously published results being too light by 

0.26°/ 00 for 0 180, and too heavy by 0.87°/ 00 for o13C. 

104 



Chapter Four 



PRESENTATION OF DATA 

The 8 18 0, 8 13 C, and %CaC0 3 values measured in this study are 

presented in this chapter. The stratigraphic logs for each of the DSDP 

cores (Kennett et al., 1986, (I)), and for the NZOI cores, where 

available, are in Appendix I. 

Unless otherwise indicated the planktonic foraminiferal species 

analysed is Globigerina bulloides, and the benthic species is 

Uvigerina spp. In each of the tables '-' indicates that no data is 

available. 

4.1 DSDP Cores 

586 Site 586 is located near the equator at 0°29.84'S;158°29.89'E in 

a water depth of 2208m (see Figure 3.1). The sediments comprise a 

single lithologic unit of foraminifera-nannofossil ooze of which the 

top 4m were analysed in this study. No obvious reworking of the 

foraminifera could be detected by the shipboard scientists, and the 

biostratigraphy appeared undisturbed (Kennett et al., 1986, (I)). 

As 586 yielded insufficient numbers of benthic foraminifer; to 

make stable isotope analysis feasible it was decided to analyse two 

species of planktonic foraminifera. G. bulloides was absent, which was 

not unexpected as it is restricted to Subantarctic and temperate water 

masses and is rare in equatorial waters (Kennett and Srinivasan, 

1983). Instead, Globigerina ruber and Globigerina sacculifera were 

picked from the top 4.2m of core. The results from these analyses are 

presented in Table 4.1. 
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Table 4.1. Results of the stable isotope analysis of Globigerina ruber 
and Globigerina sacculifera from DSDP Core 586. 

Sub-bottom G. ruber 
Depth (m) 
0.01 
0.11 
0.21 
0.31 
0.40 
0.51 
0.61 
0. 71 
0.81 
0.91 
0.99 
1.01 
1. 09 
1. 20 
1. 31 
1.41 
1. 51 
1. 61 
1. 71 
1.81 
1.93 
2.01 
2.12 
2.21 
2.31 
2.41 
2.51 
2.61 
2. 71 
2.81 
2.91 
3.01 
3.11 
3.21 
3.31 
3.41 
3.51 
3.61 
3. 71 
3.81 
3.91 
4.01 
4.11 
4.21 

1.24 
1.13 
1.25 
1. 02 
1.14 
1.29 
0.96 
0.88 
0.67 
0.64 
0.98 
0.52 
0.93 
0.81 
1.14 

1. 09 
1.04 
1.15 
1.00 

1.32 
1. 71 
1.48 

1.54 
1.56 
1. 72 
1.80 
2.06 
1. 73 
2.00 
1.65 
1. 77 
1.93 
1.42 
1.17 
0.74 

1.27 

-2.57 
-2.62 
-1.82 
-2.06 
-1.67 
-2.38 
-2.68 
-1.45 
-1.93 
-2.12 
-2.49 
-1.88 
-2.27 
-1.44 
-0.97 

-1. 75 
-0.91 
-0.82 
-1.11 

-0.62 
0.02 

-0.72 

-1.63 
-1.85 
-1.33 
-1.63 
-1.21 
-2.02 
-2.02 
-2.17 
-1.87 
-2.12 
-1.69 
-1.35 
-1.10 

-0.74 

G. saccu l i fera 
813c siso 

1. 73 -2.40 
1.83 -1.67 
1.71 -1.06 
1. 52 -1.19 
1.60 -1.52 
1.92 -1.57 
1. 04 -2.42 
1.00 -1.01 
1.16 -1.23 
0.90 -1. 72 
1. 08 -1.99 
1.21 -1.36 
1.18 -1.78 
1.48 -0.81 
1.33 -0.51 
1. 62 -1. 52 
1.45 -1.50 
1.54 -0.38 
1.58 -0.55 
1.63 -1.00 
1. 91 -0. 03 
1.85 -0.47 
1.89 -0.40 
1.48 -0.95 
1. 70 -1.39 
1.77 -1.37 
1.59 -1.46 
1.55 -1.41 
1. 77 -1. 33 
1. 70 -1.92 
1.63 -1.76 
1.88 -1.98 
1. 53 -1. 92 
1.53 -2.06 
1.63 -1.78 
1. 61 -2. 04 
1. 25 -1. 42 
0.96 -1.57 
1.53 -0.34 
1.81 -0.24 
2.16 -0.35 
1. 94 -0. 29 
1.80 -0.53 
1.83 -0.20 

587 Site 587 is located at 21°ll.08'S;l6l 0 19.99'E, in a water- dep\h-of 

1101m (see Figure 3.1). After washing and sieving it was found that 

the coarse sand fraction (>125µm) consisted predominantly of coral and 

algal fragments, and that foraminifera were not present in sufficient 
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numbers to make analysis practicable. Consequently, no results are 

presented for 587. 

588 Site 588 is located at 26°6.7'S;l61°13.6'E, in a water depth of 

1533m (see Figure 3.1). The top 6.5m of core consisted of an orange to 

brown (oxidised) foraminifer-bearing nannofossil ooze. Shipboard 

biostratigraphy indicated excellent preservation of the calcareous 

fossils in the upper part of the sequence (Kennett et al., 1986, (I)). 

Site 588 is in too northerly a position for G. bulloides to thrive, 

and once again an alternative species (G. ruber) was analysed. 

Uvigerina spp. were present and were picked as the benthic 

foraminifera. The results of these analyses from the top 3m of 588 are 

presented in Table 4.2. 

Table 4.2. 0180 and o 13C values for Globigerina ruber and Uvigerina 
spp. from DSDP Core 588. 

Sub-bottom G. ruber Uvigerina 
Depth (m) o 1 3 c 01 BO o13c 01 BQ 

0.02 0 .83 -0.74 
0.11 0.60 -0.46 0.09 4.35 
0.21 1.11 0.14 -0.06 4.42 
0.31 0.78 -0.04 -0.13 4.69 
0.41 0.58 -0.31 -0.02 3.82 
0.51 0.74 -0.13 
0.61 0.60 0.06 0.00 3.60 
0. 71 0.16 0.08 0.19 4.30 
0.81 0.25 -0.01 -0.03 3.76 
0.91 0.62 0.13 -0.22 4.96 
1.00 0.51 0.19 -0.02 4.23 
1.11 0.35 0.51 -0.16 4.15 
1. 21 0.54 0.51 -0.13 4.36 
1.32 0.62 0.48 -0.24 4.48 
1.41 0.56 -0.07 -0.05 3.63 
1.49 0.77 -0.13 0.06 3.38 
1. 61 0.25 -0.10 -0.24 3.78 
1. 71 0.56 0.13 0.06 3.64 
1.81 -0.02 -0.08 -0.03 4.58 
1. 91 0.02 0.04 -0.30 5.10 
2.01 0.16 0.15 0.47 5.18 
2.11 0.44 5.16 
2.21 0.41 0.29 0.70 4.86 
2.31 -0.83 -0.20 0.74 4.37 
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Table 4.2 cont. 

Sub-bottom G. ruber Uvigerina 
Depth (m) o 1 3c 01 so o 1 3c 01 so 
2.41 0.74 -0.34 0.81 4.44 
2.51 0.38 -0.36 0.63 3.87 
2.61 0.19 -0.49 0.44 4.07 
2. 71 0.41 0.06 0.23 5.64 
2.81 0.66 0.18 0.43 4.12 
2.91 0.50 0.02 0.12 5.24 
2.99 0.86 0.32 0.61 5.15 

589 Site 589 is located at 30°42.72'S;l63°38.39'E, in a water depth of 

1391m (see Figure 3.1). Failure of the shipboard positioning computer 

meant that only four Quaternary to latest Pliocene cores were taken at 

this site, to a sub-bottom depth of 36.lm (Kennett et al., 1986, (I)). 

Samples were taken from each of the alternating colour sequences seen 

in the core in an attempt to ensure an analytical point for each major 

Quaternary palaeo-event. The Brunhes/Matuyama boundary is located at 

~llm (Barton and Bloemendal, 1986). The results of stable isotope 

measurements and %CaC0 3 determinations are presented in Table 4.3. 

Table 4.3. 0180 and 813c values for Globigerina bulloides and 
Uvigerina spp, with %CaC0 3 results from DSDP Core 589. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) 8 i 3c li 1 so 813c 8180 (%)CaC0 3 

0.16 -1.21 0.39 -0.29 3.11 87.60 
0.60 -0.97 0.64 0.13 3.40 85.90 
0.93 -1.52 0.31 -0.25 3.00 84.60 
1.42 -0.72 0.57 -0.06 2.54 93.00 
1.83 -1.51 0.0~ -0.20 80.40 
2.33 -0.89 -0.06 0.03 2.53 86.70 
2.79 -0. 71 1.02 0.28 3.14 86.30 
3.34 -0.96 -0.02 0.41 2.44 88.20 
3.94 -1.09 1.22 -0.12 2.77 73.00 
4.42 -0.27 0.84 0.27 3.30 90.80 
4.82 -0.16 0.09 89.90 
5.16 -0.25 0.32 0.46 2.05 91.60 
5.79 -0.95 1.30 -0.05 4.08 - 83'a30 
5.87 -0.96 1.22 -0.14 4.13 88:30 
6.33 -0.43 0.51 -0.67 3.03 85.20 
6.93 0.75 3.60 92.80 
7.36 -0.20 3.77 87.10 
7.95 0.54 0.27 3.21 86.70 
8.42 -1.40 -0.29 -0.10 3.28 83.70 
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Table 4.3 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) s i ac o18Q s i ac 81 so (%)CaC0 3 

8.57 -0.86 0.62 -0.16 2.86 85.10 
9.10 -0.86 0.53 89.90 
9.60 -1.13 1.14 -0.41 3.98 81.40 
10. 00 -1.01 0.73 -0.17 2.08 86.30 
10.33 -1.22 0.86 -0.42 2.42 85.70 
10.93 -0.47 0.47 0.15 3.06 89.90 
11.46 -1.18 1.26 -0. 71 3.50 86.00 
11.83 -1.27 0.66 -0.21 3.52 84.00 
12.41 -0.70 0.27 -0.21 2.28 91.30 
12.93 -0.20 0.36 -0.11 2.47 83.70 
13.21 -0.32 0.83 -0.12 2.12 86.40 
13.69 -1.14 1.58 -0.23 3.78 80.50 
14.19 -1.15 0.91 -0.37 3.31 80.90 
14.48 -1.48 0.35 -0.39 3.57 79.70 
14.73 -1.05 0.46 -0.41 2.51 81.00 
15.11 -0.35 0.24 0.29 2.32 90.00 
15.48 -0.91 0.24 91.30 
15.97 -0.49 0.12 0.12 3.63 88.80 
16.42 -0.16 0.46 0.46 3.85 86.70 
16.64 -0.46 0.28 -0.36 3.28 86.30 
17.26 -0.20 0.52 0.15 3.43 91.70 
17.68 -0.88 0.15 0.41 4.06 89.00 
17.79 -0.57 0.54 -0.30 3.11 82.60 
18.07 0.02 0.59 0.01 3.02 89.20 
18.24 -0.40 0.53 0.01 2.31 88.80 
18. 71 -0.36 0.52 -0.74 1.63 89.40 
19.39 -0.62 0.82 0.03 3.01 81.60 
19.81 -0.57 0.54 -0.32 3.51 78.40 
20.15 -0.06 0.42 -0.10 l. 66 88.30 
20.66 -0.88 0.76 -0.30 3.32 90.10 
21.03 -0.45 1.04 -0.13 2.81 83.30 
21.65 -0.40 1.14 -0.23 2.63 87.40 
22.10 -0.60 0.98 -0.39 3.29 79.80 
22.29 -0.44 0.16 0.06 3.24 84.10 
22.48 -0.02 0.64 -0.33 2.00 89.80 
22.67 -0.56 0.68 -0.22 2.80 86.90 
22.98 -0.76 0.56 0.01 3.99 85.50 
23.21 -0.75 0.17 90.60 
23.72 -0.57 0.52 -0.24 3.77 86.80 
24.21 -0.68 -0.76 -0.26 2.40 87.70 
24.32 -0.53 0.66 -0.19 2. 71 83.60 
24.70 -0.05 0.81 0.12 3. 72 90.50 
25.09 -0.42 0.48 87.80 
25.40 -0.75 0.53 -0.49 3.11 85.40 
25. 71 -0. 71 0.04 87 .10 
26.02 -0.55 0.07 87.30 
26.30 -0.79 0.56 -0.12 3.43 ·• 87 .• 60 
26.88 0.26 0.24 88 .-90 
27.35 -0.13 -0.49 0.11 4.82 84.00 
27.69 0.33 -0. 72 -0.10 2.35 86.40 
28.03 -0.62 -0.11 0.36 4.00 84.70 
28.21 -0.42 0.51 -0.12 2.96 84.00 
28.42 -0.48 0.18 0.14 3.56 84.80 
28.84 78.90 



Table 4.3 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) Bi 3C S18Q Bi Jc B 1 so (%)CaC0 3 

29.31 -0.65 0.45 80.80 
29.63 -0.74 0.39 87.70 
30.04 -0.78 0.26 -0.59 3.01 89.50 
30.15 -1.00 -0.08 -0.90 2.59 83.60 
30.41 -0.90 0.62 -0.19 3. 72 87.90 
30.73 -0.59 0.53 -0.44 2.86 89.10 
31. 06 -0.79 0.61 -0.57 3.00 89.00 
31.56 -0.85 0.19 89.20 
31.97 -0.62 0.65 -0.60 2.90 87.80 
32.32 -0.31 0.29 88.00 
32.41 -0.57 0.11 0.04 3.29 86.00 
32.53 -0.66 0.03 -0.47 3.13 87.30 
32.68 -0.31 0.02 -0.43 3.18 88.90 
32.89 -0.11 0.76 -0.52 2.89 85.20 
33.06 -0.37 0.01 -0.10 3.82 88.70 
33.26 -0.06 0.52 -0.17 2.51 88.10 
33.45 -0.42 0.16 -0.68 3.74 81.40 
33.92 -0.54 0.10 -0.08 1.68 86.20 
34.21 -0.37 0.19 -0.56 2.64 80.50 
34.43 -0.44 0.03 -0.15 2.60 87.70 
34.89 -0.21 -0.02 0.00 3. 72 91.40 
35.83 0.01 0.70 -0.03 2.47 87 .10 

590 Site 590 is located at 31°10.02'S;l63°21.51'E, in a water depth of 

1299m (see Figure 3.1). Microfossil asemblages showed no evidence of 

reworking, and well preserved foraminifera were not unexpected as Site 

590 is located in such shallow water that it was almost certainly 

above the lysocline during the entire Neogene (Kennett et al., 1986, 

(I)). Its position in waters transitional between warm subtropical and 

temperate meant that it was 

palaeoclimatologists. Carbon and 

of particular 

oxygen isotope 

interest 

ratios 

to 

for 

G. bulloides and Uvigerina spp. from the top 3m of 590 are presented 

in Table 4.4. 
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Table 4.4. 8180 and S13C values for Globigerina bulloides and 
Uvigerina spp. from DSDP Core 590. 

Sub-bottom 
Depth (m) 
0.01 
0.11 
0.21 
0.31 
0.40 
0.51 
0.61 
0. 71 
0.80 
0.91 
1.01 
1.11 
1.21 
1.31 
1.41 
1.49 
1.61 
1.71 
1.81 
1.91 
2.01 
2.11 
2.20 
2.31 
2.41 
2.51 
2.61 
2. 71 
2.81 
2.91 
2.99 

G.bul lo ides 

-0.99 
-1.48 
-1.03 
-2.14 
-1.20 
-1.52 
-1.34 
-1.27 
-1.45 
-1.53 
-1.19 
-1.30 
-1.03 
-0.87 
-1.10 
-0.70 
-1.13 

-1.37 
-1.41 
-1.29 
-1.45 
-1.51 
-0.92 
-1.27 
-1.22 
-0.84 
-0.66 
-0.81 
-0.99 
-1.06 

-0.04 
0.17 
0.52 
0.99 
0.69 
1.18 
0.58 
0.62 
0.59 
0.68 
0.82 
0.83 
0.50 
0.63 
0.98 
0.74 
0.44 

1.27 
1.81 
1.30 
1.30 
1.47 
0.74 
0.78 
0.92 
1.08 
1.33 
0.63 
1.17 
0.89 

Uvigerina 
s 1 3c 
0. 72 
0.79 
0.63 
0.21 
0.29 
0.50 
0.38 
0.40 
0.30 
0.27 
0.37 
0.29 
0.70 
0.53 
0.30 
0.89 
0.45 
0.47 
0.35 
0.22 
0.30 
0.33 
0.57 
0.44 
0.31 
0.33 
0.14 
0.45 
0. 72 
0. 72 
0.66 

3.90 
4.17 
4.09 
4.89 
4.95 
5.35 
5.00 
4.51 
4.51 
4.37 
4.33 
4.61 
4.57 
3.95 
4.28 
4.10 
3.87 
3.57 
5.05 
5.11 
5.18 
4.86 
5.49 
4.93 
5.01 
4.46 
4.50 
4.12 
4.34 
4.19 
4.08 

591A Site 591A is located at 31°35.06'S;l64°26.92'E in a water depth 

of 2131m (see Figure 3.1). Like 590 it is situated in transitional 

subtropical/temperate waters, and has a high productivity of 

calcareous biogenic material (Kennett et al., 1986, (I))- possibly 

related to the influence of the Subtropical Divergence that crosses 

both 590 and 591A (see Figure 3.1). 

Results from the analysis of G. bulloides and Uvigerina-spp. ~f.~om 

this site are presented in Table 4.5. 
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Table 4.5. 8 180 and 8 13C values for Globigerina bulloides and 
Uvigerina spp. from DSDP Core 591A. 

Sub-bottom 
Depth ( m) 
0.01 
0.11 
0.21 
0.31 
0.41 
0.51 
0.61 
0. 71 
0.81 
0.91 
1.01 
1.11 
1.21 
1. 31 
1.41 
1.49 
1. 61 
1. 71 
1.81 
1. 91 
2.01 
2.11 
2.21 
2.31 
2.41 
2.51 
2.61 
2. 71 
2.81 
2.91 
2.99 
3.11 
3.21 
3.31 
3.41 
3.51 
3.61 
3. 71 
3.81 
3.91 
4.01 
4.11 
4.21 
4.31 
4.41 
4.49 

G.bulloides 
813c 81so 

-1. 41 -0. 01 
-1. 58 0. 36 
-1. 74 
-1.24 
-1. 60 
-1.49 
-1.07 
-1.37 
-1. 32 
-1.52 
-1. 65 
-0.99 
-1.06 

-0.97 
-0.89 
-1.03 
-1.15 
-1.30 
-0.75 
-1.68 
-1. 38 
-1. 55 
-1. 71 
-1.55 
-1. 72 
-1.56 
-1. 72 
-1.46 
-1. 69 
-1.48 
-1.00 
-1.02 
-0.73 
-1.21 
-0.90 
-1.19 
-1.26 
-1.18 
-1.06 
-1.12 
-1.51 
-1.05 
-1.35 
-1.43 
-1.13 

0.69 
1.08 
0.78 
0.76 
0.70 
0.59 
0.88 
0.38 
0.56 
1. 23 
0.11 

-0.12 
0.04 
0.07 
0.23 

-0.09 
-0.06 

0.17 
0. 71 
0.57 
0.74 
0.70 
0.62 
0. 71 
0.61 
0.36 
0.16 

-0.01 
-0.11 
-0.22 
-0.04 
-0.33 
0.27 
0. 77 
0.66 
0.49 
0.78 
0.50 
1.37 
1.25 
0.97 
1. 57 
0.92 

Uvigerina 
81 3c 

-0.55 
-0.62 
-0.42 
-0.32 
-0.60 
-0.17 
-0.23 
-0.20 
-0.22 
-0.13 
-0.41 
-0.28 

0.13 
0.07 

0.08 
0.02 
0.01 

-0.54 
-0.36 
-0.70 
-0.55 
-0.73 
-0.62 
-0.53 
-0.76 
-0.79 
-0.41 
-0.70 
-0.22 

0.14 
0.03 

-0.10 
-0.30 
-0.28 
-0.30 
-0.31 
-0.33 
-0.36 
-0.61 
-0.61 
-0.51 
-0.67 

3.61 
4.30 
4.54 
4.92 
4.61 
4.88 
4.57 
4.38 
4.60 
4.59 
4.38 
4.49 

4.00 
4.15 

4.05 
4.51 
3.74 
5.01 
5.13 
5.17 
4.84 
5.30 
5.48 
4.68 
4.81 
4.29 
4.89 
4.71 
4.42 

4.58 
4.33 
3. 71 
4.13 
4.73 
4.33 
3.87 
4.00 
4.74 
5.17 
4.89 
4.89 
5.10 

592 Site 592 is located at 36°28.40'S;l65°26.53'E, in a water depth of 

1088m (see Figure 3.1). The core yielded well preserved planktonic and 
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benthic foraminifera (Kennett et al., 1986, (I)). The 8180 and 813C 

values for G. bulloides and Uvigerina spp. from the top 3.6m of core 

are presented in Table 4.6a. 

Table 4.6a. 8180 and 8 13 C values for Globigerina bulloides and 
Uvigerina spp. from DSDP Core 592. 

Sub-bottom 
Depth (m) 
0.01 
0.11 
0.20 
0.30 
0.41 
0.51 
0.61 
0. 71 
0.80 
0.89 
1.01 
1.11 
1.21 
1.31 
1.41 
1.49 
1.61 
1. 71 
1.81 
1. 91 
2.01 
2.11 
2.21 
2.31 
2.41 
2.51 
2.61 
2. 71 
2.81 
2.91 
2.99 
3.11 
3.21 
3.31 
3.41 
3.51 
3.61 

G.bulloides 

-0.56 
-1.01 
-0.95 
-0.35 
-0.57 
-0.33 
-0.45 
-0.36 
-0.39 
-0.66 
-0.75 
-0.98 
-0.93 
-0.92 
-0.79 
-0.82 
-1.27 
-1.63 
-1.35 
-1.00 
-1.19 
-1.18 
-1.04 
-1.27 
-1.18 
-1.20 
-0.67 

-1.06 
-1.05 
-0.61 
-0.97 
-0.89 
-0.66 
-0.36 
-0.56 
-0.50 

0.76 
0.68 
0.83 
2.08 
1. 93 
1. 80 
1. 76 
1. 96 
1.84 
1.17 
0.73 
0.75 
0.81 
0.90 
0.99 
1.46 
1.04 
0.46 
0.82 
0.66 
0.42 
0.23 
0.17 
0.20 
0.25 
0.04 
0.81 

0. 72 
0.33 
0.37 
0.10 

-0.48 
0.51 
0.93 
0.91 
0.76 

Uvigerina 
s i 3c 

0.24 
0.37 
0.03 
0.03 

-0.06 
0.01 
0.08 
0.01 
0.14 
0.09 
0.14 
0.14 
0.36 

-0.17 
-0.22 
-0.37 
-0.18 
-0.56 
-0.20 

0.15 
-0.21 

0.09 
0.06 
0.06 

-0.27 
-0.46 
-0.34 
-0.15 

0.02 
-0.19 

0.01 
-0.18 
-0.19 
-0.04 

0.18 

3.00 
3.38 
3.02 
4.15 
4.20 
4.26 
3.80 
3.80 
3.65 
3.83 
3.00 
3.60 
3.57 

4.15 
4.61 
4.16 
4.51 
4.49 
3.94 

4.14 
3.53 
3.86 
3.38 
3.06 
4.11 
3.80 
3.86 
3.83 
3.43 
3.42 
3.24 
3.61 
3.87 
3.29 
2.87 

In addition, lower resolution (30-50cm sample intervals) analysis 

was carried out on planktonic and benthic foraminifera from the first 

23m of the core. Shipboard palaeomagnetic appraisal locates the 
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Brunhes/Matuyama boundary at ~llm (Barton and Bloemendal, 1986). The 

results for the longer section of 592 are presented in Table 4.6b. 

Table 4.6b. 01 BQ and o 1 3c values for Globigerina bulloides and 
Uvigerina spp. from DSDP Core 592. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) o 1 3c 01 BQ o 1 3c 3180 

0.30 -0.12 2.28 -0.13 3.30 
0.80 -0.65 1.45 -0.05 3.31 
1. 28 -1.02 1.42 0.02 3.10 
1. 80 -0. 71 1. 53 -0.61 3.02 
2.30 -0.93 1.13 -0.16 3.06 
2.78 -0.43 1. 96 -0.17 3.48 
3.30 -0.15 1. 29 0.01 2.60 
3.80 -1.33 0.60 0.02 2.65 
4.80 0.30 2.51 -0 .10 3.24 
5.30 0.19 1.64 -0.19 3.24 
5.78 -0.94 0.67 0.35 2.76 
6.30 -0.20 1.13 -0.35 1. 70 
6.80 -1.19 0.45 0. 71 1.84 
7.28 -0.94 0.32 0.24 2.92 
7.80 -0.69 1.96 0.06 3.51 
8.30 -0.61 1.86 -0.29 3.75 
8.78 -0.62 1.51 
9.30 -0.82 0.94 -0.95 3.17 
9.80 -0.80 1.09 0.14 3.17 
10.28 -1.12 0.48 -0.61 2.65 
10.80 -0.74 1.86 0.35 3.23 
11.30 -0. 71 1. 75 0.02 3.31 
11. 78 -0.32 1.47 0.31 2.80 
12.30 -0.15 1.94 0.38 3.02 
12.80 -0.46 1.53 
13.28 -1.31 0.88 -0.20 2.82 
13.80 -0.28 1.52 -0.34 3.18 
14.40 -0.65 1.22 -0.13 3.28 
14.90 -0.23 1.78 -0.12 2.74 
15.38 -0.19 1.23 0.20 3.19 
15.90 -0.37 1.14 0.03 3.36 
16.40 -0.08 1.46 -0.11 3.05 
16.88 -0.19 0.92 -0.24 2.93 
17.40 0.05 1.25" 0.12 2.50 
17.90 -0.39 1.29 -0.35 3.56 
18.38 -0.09 1.41 0.10 3.06 
18.90 1.15 0.14 2.73 
19.40 -0.50 1.50 0.21 2.69 
19.88 -0.46 1. 20 -0.10 3.84 
20.40 -0.24 1.33 -0.06 3.07 
20.90 -0.20 1. 06 .. -
21.38 -0.04 1.34 -
21.90 0.06 1.12 -0.20 2.93 
22.40 0.78 -0.25 2.21 
22.88 -0.12 1.49 
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593 Site 593 is located at 40°30.47'S;167°40.47E, in a water depth of 

1068m, 270km west of the northern South Island of New Zealand (see 

Figure 3.1). It was previously analysed at 30-40cm intervals for 53m 

of the core (Nelson et al., 1986a). As it was felt that higher 

resolution sampling could result in a useful Quaternary isotope 

reference section for the southern temperate waters, the core was 

resampled at 10cm intervals. The results from this high resolution 

sampling are presented in Table 4.7. The Brunhes/Matuyama boundary is 

located at 16.lm (Barton and Bloemendal, 1986). 

Table 4.7. 81 BO and 813c values for Globigerina bulloides and 
Uvigerina spp. from DSDP Core 593. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) 813c 01 BO 813c 81 BO 

0.07 -0.50 0.84 0.20 3.19 
0.17 -0.74 0.89 0.00 2. 71 
0.31 -0.26 1.83 -0.25 3.73 
0.38 -0.36 1. 74 -0.14 4.38 
0.57 -0.15 1. 97 -0.18 4.27 
0.62 -0.05 2.19 0.23 3.56 
0.81 -0.17 1.38 -0.03 4.03 
0.86 -0.85 0.92 -0.17 3.58 
1.03 0.22 1.86 0.03 3.74 
1.13 0.07 1.87 -0.07 3.68 
1. 29 -0.36 1.33 0.06 3.34 
1. 40 0.24 1.94 0.11 4.35 
1. 55 -0.19 1.13 -0.13 3.55 
1.67 0.06 1.51 0.17 3.02 
1. 81 -1.44 -0.62 0.12 3.13 
1. 89 -1.43 -0.32 0.08 2.76 
2.07 -1.62 -0.51 0.46 2.89 
2.14 -1.31 -0.04 -0.04 3.18 
2.31 -0.76 1.66 -0.42 3.97 
2.38 -0.45 1.84 -0.45 3.76 
2.51 -0.88 1.62 -0.46 4.04 
2.65 -1.09 0.96 -0.44 3.97 
2.79 -1.18 1.26 -0.33 3.30 
2.92 -0.79 1. 79 -0.39 3.68 
3.10 -0.57 2.13 -0.45 3.83 
3.18 -0.23 2.25 -0.35 4.05 
3.31 -0.43 2.26 -0.31 3.42 
3.41 -0.34 1.80 -0.23 3.69 
3.57 -1.70 0.36 -0.26 2.99 
3.64 -1.96 -0.13 -0.58 3.30 
3.81 -0.99 0.96 -0.62 3.23 
3.86 -1.55 -0.37 -0.18 2.43 
4.03 -1.50 -0.54 0.20 2. 71 
4.14 -1.17 -0.05 0.17 3.19 

115 



116 

Table 4.7 cont. 

Sub-bottom G.bul Lo ides Uvigerina 
Depth (m) s 1 3 C 0180 s 1 3c 0 1 so 
4.29 -1. 32 0.55 0.23 3.28 
4.41 -0.87 0.16 -0.07 3.46 
4.59 -0.54 1.29 0.08 3.21 
4.68 -0.36 2.03 -0.55 3.50 
4.81 -0.52 1. 77 -0.50 3.86 
4.89 -1.14 1. 28 -0.27 3.98 
5.07 -0.52 1. 86 -0.11 3.75 
5.20 0.66 2.18 -0.26 3.17 
5.28 -1.06 0 .43 0.03 3.81 
5.50 -0.81 0.53 -0.49 3.34 
5.60 -0.28 0.05 -0.08 2.52 
5.70 -0.88 1.51 0.19 3.01 
5.80 -0.14 2.68 -0.55 3.99 
5.91 -0.20 2.16 -0.63 3.70 
6.01 0.23 2.84 -0.26 3.93 
6.11 -0.72 0.96 -0.25 3.82 
6.27 -0.04 2.04 -0.34 3.76 
6.39 -1.02 0.29 
6.54 -0.53 0.86 
6. 71 0.15 1. 77 -0.14 3.40 
6. 77 0.18 1.86 -0.10 3.53 
6.91 -0.10 1.47 
7.01 -0.75 -0.14 -0.46 3.47 
7 .11 -0.99 -0.89 0.27 3.22 
7.21 -0. 71 -0.21 
7.28 -0.52 0.35 -0.03 3.44 
7.41 -0.85 -1.48 
7.51 -0.41 -0.89 
7.61 0.58 -0.97 0.06 1.59 
7.76 0.32 -0.25 0.60 2.05 
7.89 -0.94 -0.07 
8.04 -0.58 0.78 
8.21 0.37 2.86 0.10 4.44 
8.31 -0.02 3.12 
8.41 0.23 2.44 
8.51 0.19 2.85 
8.61 -0.66 2.25 
8. 71 -0.50 2.32 
8.81 -0.41 2.01 
8.91 -1.00 1.10 
9.02 -0.24 2.03 
9.12 -0.04 2.40 
9.26 -0.57 1. 95 -0.76 2.95 
9.39 -0.80 0.94 
9.54 -0.62 0.74 
9.68 0.09 2.38 
9.81 -0.44 1. 91 -2.26 2.30 
9.91 -0.24 2.33 - ---
10.01 0.06 2.12 -0.05 3.94 
10.11 -0.28 1.05 -0.81 3.50 
10.21 -1. 31 0.67 -0.41 3.66 
10.31 -1.34 0.48 -2.30 1.95 
10.41 0.25 2.28 -0.99 2.47 
10.51 -2.35 -0.68 -0.83 3.32 
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Table 4.7 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth ( rn) 8 i 3c 81 so 81 3c 8 1 so 
10.61 -0.79 0.93 -0.23 3.24 
10. 73 -1.20 0.32 -0.73 2.28 
10.89 0.04 0.96 
11.04 0.27 1.08 
11. 21 -1.24 -0.25 0.24 2.71 
11.31 -1.28 -0.08 -0.25 2.10 
11.41 -0.21 1.08 
11. 52 -0.84 0.36 -0.03 2.67 
11. 62 -1.26 0.26 -0.11 2.59 
11. 71 -0.94 0.37 -0.23 2.36 
11.80 0.08 1.37 -1.04 ·1.86 
11.91 -0.34 1.34 
12.01 -0.49 0.67 -0.29 2.41 
12.11 -0.83 0.61 -2.27 1.11 
12.26 -1.20 0.48 -0.79 2.24 
12.39 -0.15 0.68 
12.54 -0.18 1.40 
12. 71 -0.16 1.92 -0.68 3.37 
12.81 -0.15 1. 92 -0.55 3.37 
12.91 -0.01 2.04 -0.60 2.99 
13.01 -1.92 0.30 -1.26 2.84 
13.10 -2.38 -0.61 -0.80 2.75 
13.21 -0.36 1.20 -0.56 2.88 
13.31 -0.04 1.25 -0.98 2.86 
13.41 -0.33 0.85 
13.48 -0.27 1.41 
13.59 -0.53 1.39 -0.45 2.87 
13.73 -0.50 1.14 0.15 3.06 
13.89 -0.35 1.52 -0.01 3.27 
14.80 -1. 70 0.36 -0.87 3.21 
14.90 -0.57 1.24 -1.27 2.58 
15.00 -0.64 1. 78 
15.10 -0.43 1.98 -0.94 3.70 
15.26 -0. 72 1.56 
15.33 -1.04 1.39 -1.16 2.72 
15.50 -0.63 1.55 
15.57 -0.45 1. 77 -0.74 3.10 
15.68 -0.07 0.87 -0.90 2.45 
15.88 -0.47 1.45 0.20 2.63 
15.98 -1.00 0.95 -0.30 3.52 
16.10 -0.91 1. 76 0.03 2.77 
16.30 -0.67 2.05 -0.13 4.27 
16.40 -0.74 2.04 -0.51 4.09 
16.50 -0.38 2.17 -0.22 4.09 
16.60 -0.37 2.03 -0.24 4.32 
16.76 -0.34 1. 72 
16.80 -0.31 1.69 -0.81 2.94 ·• 

16.90 -0.25 1.40 -0.51 3.18 -

17.00 -0.55 1.56 0.00 3.16 
17.09 -0.34 1.62 -0.37 3.10 
17.26 -1.57 0.62 0.22 3.55 
17.38 -2.30 -0.41 
17.50 -0.58 0.78 -1.12 3. 71 
17.70 -0.24 0.15 0.19 2.80 
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Table 4.7 cont. 

Sub-bottom G. bul lo ides Uvigerina 
Depth (m) 8 i ac 8 1 80 8 i 3c 81 80 

17.80 -1.05 1.24 0.25 2.84 
17.90 -1.19 1. 29 -0.76 3.51 
18.00 -0.03 3.06 -0.48 3.62 
18.10 -0.62 2.21 -0.78 3.97 
18.16 -0.54 1. 90 
18.30 -0.21 2.24 -0.50 3.56 
18.40 -0.22 1.93 -1.05 2.69 
18.46 -0.43 1.96 -0.96 3.28 
18.56 -1. 21 0.70 -0.49 3.93 
18.70 -1.09 1.39 
18.80 -0.87 1.35 
18.88 -0.69 1.96 -1.06 3.91 
19.00 -0.78 1.04 -0.89 2.91 
19.07 -0. 77 0.80 -0.95 3.73 
19.20 -0.90 0.09 -0.45 2.15 
19.31 -0.51 0.15 -0.64 2.62 
19.40 -0.41 0.47 -0.51 2.92 
19.50 -1.01 -0.36 -0.44 2.60 
19.60 -0.07 1.22 -0.16 2.48 
19.66 -0.51 0.90 0.01 2.48 
19.80 0.05 1.83 -0.22 2.50 
19.90 0.40 2.26 -0.20 2.92 
20.01 -0.18 1.85 0.15 3.02 
20.10 -1.10 0.63 -0.38 3.40 
20.20 -1.42 0.53 0.15 3.00 
20.30 -0.75 0.70 -0.31 2.79 
20.38 -0.60 0.81 -0.39 2.53 
20.50 -0.73 0.78 0.10 3.36 
20.57 -0.36 1.22 -0.06 2.90 
20.70 -0.23 1.22 -0.54 2.75 
20.81 -0.32 0.97 -0.58 2.05 
20.90 -0.77 0.62 -0.52 2.28 
21.00 -0.31 1.41 
21.10 -0.22 1.29 -0.15 3.32 
21.16 -0.11 1.59 
21.34 -0.14 1.45 -0.08 3.42 
21.54 -0.27 1.08 -0. 77 2.36 
21.60 -0.40 0.64 -0.37 3.08 
21.70 -0.70 0.63 2.39 4.17 
21.80 -0.33 0.82 -0.16 2.60 
21.88 -0.06 1.21 -0.02 3.78 
22.00 -0.52 0. 72 
22.07 -0.80 0.43 -0.26 3.12 
22.19 -0.26 1.19 
22.30 -0.31 1.70 -0.27 3. 71 
22.40 -0.20 1.81 -0.34 3.54 
22.50 0.03 2.24 -0.47 3.74 -
22.60 -0.07 1.99 -0.34 3.73 

: .. -

22.66 -0.12 2.27 -0.37 4.18 
22.80 -0.44 1.45 -0.69 3.45 
22.90 -0.51 1.26 
23.00 -0.32 1.12 
23.10 -0.62 0.99 
23.20 -0.43 0.99 -0.20 2.30 
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Table 4.7 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth ( m) 81 3c 81 so s 1 3c 81 so 
23.30 -0.35 0.98 0.03 2.28 
23.50 -0.57 0.90 0.35 2.74 
23.57 -0.55 1. 25 -0.04 2.44 
24.40 -0.48 1.07 -0.10 2.12 
24.50 -0.47 1.17 0.05 2.61 
24.61 -0.33 1.29 -0.22 2.37 
24.70 -0.32 1.21 -0.78 3.25 
24.80 -0.20 1. 78 0.10 3.63 
24.87 -0.37 1.52 -0.40 3.07 
25.00 -0.47 1. 74 -0.04 3.56 
25.22 -0.60 1.63 -0.24 3.67 
25.32 -0.32 1.54 0.12 3.67 
25.40 -0.21 1.64 -0.03 3.76 
25.50 -0.31 1.21 -0.13 3.21 
25.59 -0.17 1.37 -0.43 2.56 
25.70 -0.12 0.96 0.26 2.85 
25.78 -0.17 1.32 -0.48 2.64 
25.90 -0.14 1. 71 -0.22 2.81 
26.01 -0.53 1.56 -0.51 3.33 
26.11 -0.18 1.87 -0.18 3.36 
26.21 0.27 1.81 -0.13 3.37 
26.32 -0.29 1.35 0.18 3.02 
26.37 -0.36 1.23 
26.51 0.01 1.32 0.41 3.11 
26. 72 -0.48 1.09 0.11 2.99 
26.81 -0.67 1.25 -0.07 2.93 
26.90 -0.23 1.64 -0.16 2.86 
27.00 -0.17 1.47 0.14 3.47 
27.09 -0.29 1.14 0.02 3.14 
27.21 -0.40 1. 03 -0.52 2.52 
27.28 -0.42 1.48 -0.01 3.09 
27.41 -0.51 1.56 -0.40 3.25 
27.51 -0.29 1.49 -0.24 3.21 
27.61 -0.06 1. 77 -0.28 2.93 
27. 71 -0.17 1.21 
27.78 -0.50 1.19 -0.03 3.07 
27.87 -0.28 1.31 -0.31 2.90 
28.01 -0.24 1.62 2.42 3.39 
28.11 -0.66 0.95 -0.19 3.24 
28.21 -0.20 1.57 -0.09 3.48 
28.30 -0.22 1.22 0.16 3.39 
28.41 -0.49 1.21 0.14 2.91 
28.51 -0.60 0.98 -0.31 2. 71 
28.59 -1.28 0.54 
28.69 -0.29 1.84 -0.10 3.11 
28.91 -0.06 1.60 0.16 2.70 
29.00 -0.43 1.00 
29.21 -0.35 1.41 -0.11 2.99 . 

29.30 0.02 1.53 -0.16 3.12 
29.37 -0.34 1.43 -0.09 3.34 
29.51 -0.25 1.15 -0.04 2.57 
29.71 0.31 1.20 0.01 2.42 
29.81 -0.20 0.88 
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Table 4.7 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) 8 1 3 C 81 BQ 813c 81 BQ 

29.90 -0.06 0.85 -0.26 2.67 
30.00 -0.15 1. 33 -0.22 3.15 
30.09 -0.30 1.13 0.27 3.25 
30.19 -0.03 1.03 0.07 2.88 
30.28 0.09 1. 06 0.19 2.90 
30.40 -0.31 1.27 0.03 3.58 
30.51 -0.88 0.76 -0.12 3.14 
30.61 -0.37 1.50 -1. 32 2.54 
30. 71 -0.23 1.00 -0.62 2.94 
30.81 -0.74 0.75 -0.42 3.36 
30.87 -0.32 0.80 -0.18 3.23 
31.01 0.02 1.07 0.32 3.45 
31.11 0.09 1. 03 0.41 3.25 
31.22 -0.11 1.12 -0.14 2.98 
31.31 0.33 1.60 0.12 3.21 
31.41 0.04 1.07 0.20 2.92 
31.51 0.09 0.85 0.19 3.09 
31.59 -0.24 0.67 
31.69 -0.17 0.96 0.10 3.07 
31.78 -0.64 0.61 -0.29 2.86 
31.91 -0.38 0.88 -0.54 3.15 
32.01 -0.57 1. 09 -0.13 3.39 
32.11 -0.97 0.94 -0.26 3.60 
32.21 -0.55 0.98 -0.03 3.43 
32.29 -2.83 -0.18 3.02 
32.37 -0.56 0.95 -0.79 2.21 
32.47 -0.45 1.08 0.18 2.90 
32.61 -0.-68 0. 71 
32. 71 -0.59 0.86 -0.60 2.29 
32.81 -0.37 0.81 -0.49 2.41 
32.90 -0.23 1.39 -0.68 2.93 
33.01 -0.01 1.42 0.11 2.84 
34.01 -0.17 1.16 -0.26 3.10 
34.13 -0.22 1.17 -0.48 2.36 
34.21 0.05 1.16 -0.32 2.59 
34.31 -0.37 0.97 -0.27 2.88 
34.41 -0.17 1.43 -0.05 2.85 
34.47 -0.32 1.38 -0.62 2.53 
34.61 0.01 1.81 -0.54 2.90 
34.71 -0.12 1.83 -0.29 3.54 
34.79 -0.11 1.69 
34.90 0.10 1.47 -0.21 3.37 
35.01 -0. 06. 1.45 -0.32 2.97 
35.11 0.02 1.42 0.12 2.96 
35.19 -0.37 1.32 
35.30 -0.42 1.55 -0.68 3.06 
35.39 0.60 1.87 -0.34 2.89 -
35.51 -0.32 1.24 -

35.62 0.05 1.54 
35. 71 0.04 1.36 
35.81 0.10 1.12 
35.92 0.34 1.43 
35.97 0.19 1.12 
36.10 0.21 1.15 
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Table 4.7 cont. 

Sub-bottom G. bul lo ides Uvigerina 
Depth (m) s i 3c 81 so s i 3c 81 80 

36.21 0.29 1.18 
36.29 0.41 1. 54 
36.41 0.26 1. 34 
36.51 0.33 1.20 
36.61 0.19 1.42 
36.69 0.37 1.34 
36.80 0.31 0.94 
36.89 -0.05 1.22 
37.01 0.00 1. 82 
37.09 0.07 1.44 
37.21 -0.11 1.42 
37.31 0.21 2.01 
37.41 -0.21 1.14 
37.47 0.32 2.14 -0.38 2.86 
37.63 -0.13 1.27 -0.50 2.97 
37. 71 -0.16 1.65 
37.82 -0.19 1.48 
37.91 -0.20 1.46 
38.01 -0.29 1.30 -0. 77 3.09 
38.11 -0.01 1. 73 -0.98 3.49 
38.19 0.23 1.31 -0.63 3.30 
38.29 0.09 1.14 -0.40 2.74 
38.39 -0.08 1.45 -0.27 2.92 
38.51 -0.03 1.27 -0.14 3.17 
38.61 -0.01 1.39 -0.19 2. 77 
38. 71 -0.19 1.41 -0.32 2.96 
38.81 -0.10 1. 35 -0.22 3.37 
38.91 0.05 1.52 -0.44 2.84 
38.97 -0.05 1.36 -0.21 3.34 
39.10 -0.17 1.05 -0.45 3.23 
39.21 0.06 1.22 -0.33 3.00 
39.32 -0.03 1.18 -0.38 3.24 
39.41 0.13 1.46 -0.66 3.29 
39.51 -0.16 1.16 0.09 3.30 
39.59 -0.43 0.99 -0.62 3.09 
39.69 -0.18 1.14 
39.80 -0.05 1.55 
39.89 0.05 1.48 -0.47 2.91 
40.01 0.11 1.87 
40.11 0.19 1. 77 -0.22 3.21 
40.21 -0.02 0.86 -0.19 2.95 



Table 4.7 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) s 1 3c s 1 so s 1 3c s 1 so 
40.31 0.16 1. 27 
40.43 0.12 1.09 -0.14 3.24 
40.47 0.09 1.10 -0.09 3.40 
40.60 -0.15 1.04 
40.71 -0.35 1. 38 
40.82 -0.32 1.40 
40.91 -0.09 1. 27 -1.18 4.01 
41.01 0.03 1.12 
41.11 0.04 0.89 
41.19 -0.19 0.90 
41.30 0.07 0.72 
41.39 0.12 1. 54 -0.21 3.66 
41. 51 0.07 1. 29 -0.32 3.58 
41.61 0.25 1. 26 
41. 71 -0.07 1.13 
41.81 -0.12 0.98 -0.08 3.47 
41.91 0.09 1.05 -0.08 3.65 
41.97 0.11 0.86 0.43 3.09 
42.10 0.14 0.90 
42.21 
42.31 -0.10 0.99 
42.41 0.11 1.25 
42.51 0.14 1.13 
42.61 0.26 1.22 
42.69 0.34 0.99 
42.80 0.42 1.11 

594 Site 594 is located at 45°31.4l'S;174°56.88'E, in a water depth of 

1204m (see Figure 3.1). Its position on the southern margin of the 

Chatham Rise east of the South Island of New Zealand has meant that it 

has been subjected to both oceanic and terrigenous influences. Core 

594 was previously sampled at 30cm intervals, and results from 

analysis of these samples appear in Cuthbertson (1985) and Nelson et 

al. (1986). Because of the excellent detail of glacial to interglacial 

oscillations apparent in the results from 30cm sampling intervals, it 

was decided to request the resampling of 594 at 10cm intervals over 

the first 20m, to determine the finer structure of stages 1 tot. The 

results from the analysis of these samples are presented in Table 4.8. 
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Table 4.8. 8180 and 8 i 3c values for Globigerina bulloides and 
Uvigerina spp .. with o/cCaC0 3 values from DSDP Core 594. 

Sub-bottom G.bul lo ides Uvigerina 
Depth (m) 8 1 3c 8180 81 3c 8 1 SQ o/cCaC0 3 

0.01 0 .44 1. 59 -0.02 3.35 35.57 
0.10 0.16 1.50 0.05 3.41 42.56 
0.21 -0.07 0.97 0.15 3.33 45.21 
0.30 0.54 1. 91 0.25 3.31 44.03 
0.41 0.55 2.20 -0.09 3.44 44.05 
0.50 -0.04 1. 32 3.52 41.83 
0.61 0.17 1. 91 -0.17 3.50 44.55 
0. 71 0.00 1.80 -0.31 3.43 40. 72 
0.81 -0.16 1.40 -0.09 2.92 32.92 
0.91 -0.24 1. 66 0.06 3.31 45.02 
1.00 0.04 2.09 -0.24 3.36 44.57 
1.10 -0.22 2.19 -0.60 3.36 41.95 
1. 21 -0.39 2.23 -0.81 3.76 31.40 
1.31 -0.18 2.98 -0.24 3.97 38.39 
1.41 -0.62 2.20 -0.50 4.16 31.82 
1.49 -0.36 3.06 -0.53 4.17 25.21 
1.61 -0.04 3.46 -0.41 4.34 12.53 
1. 71 0.30 2.60 5.10 
1.81 -0.35 5.11 4.92 
1.91 -0.39 3.51 -0.19 5.39 6.01 
2.01 0.13 2.55 -0.41 4.75 6.31 
2.11 -0.37 5.29 3.33 
2.21 -0.55 2.41 -0.65 4.67 3.66 
2.31 -0.18 3.49 -0.34 5.02 5.23 
2.41 -0.91 3.27 -0.58 5.06 8.27 
2.51 -0.43 3. 72 -0.55 4.87 11.12 
2.61 -0.20 3.42 -0.69 4.99 8.93 
2. 71 -0.67 3.97 -0.46 4.89 7.99 
2.81 -0.49 5.04 6.76 
2.91 -0.25 4.90 6.38 
2.99 -0.25 3.43 -0.35 5.30 8.56 
3.11 -0.23 2.76 -0.34 4.79 13.15 
3.21 0.04 3.28 -0.15 4.63 8.41 
3.31 -0.48 2.66 -0.28 4.82 7.18 
3.41 -0.39 2.54 -0.11 4.89 5.51 
3.51 3.64 
3.61 0.25 3.45 -0.33 5.21 3.04 
3. 71 0.07 2.96 -0.30 4.60 5.07 
3.81 -0.52 3.09 -0.19 4.69 6.78 
3.91 -0.08 2.81 -0.13 4.39 14.10 
4.00 0.13 3.29 -0.03 5.23 10.08 
4.11 0.20 3.25 -0.37 4.28 7.96 
4.21 -0.02 3.26 -0.30 4.80 3.51 
4.31 -0.13 4.47 5.17 
4.41 -0.16 4.66 8.00 
4.49 -0.04 4.54 4. 8.5. _ 
4.60 -0.57 2.61 0.11 4.69 10.40 
4. 71 0.16 3.65 -0.19 4.08 6.81 
4.81 -0.16 2.28 -0.16 4.75 8.80 
4.91 0.17 3.18 0.29 4.00 8.20 
5.00 -0.12 2.77 -0.32 4.83 6.93 
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Table 4.8 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) 0 1 Jc 01 so 0 1 Jc 01 so %CaCOJ 
5 .11 0.27 3.33 0.02 4.05 14.79 
5.20 0.05 3.09 0.02 4.45 10. 36 
5.31 0.39 3.63 -0.01 4.99 6.52 
5.41 0.45 3.29 -0.01 4.87 16.68 
5.50 0.23 3.01 -0.05 4.42 20.26 
5.61 0.26 2. 71 -0.17 4.56 23.41 
5. 77 -0.15 4.25 3.22 
5.87 0.28 3.39 -0.10 4.56 20.16 
5.99 0.40 3.17 -0.19 4.26 9.39 
6.09 0.06 2.97 -0.31 4.39 12.51 
6.20 0.50 3.15 -0.20 4.26 21. 61 
6.30 0.43 3.00 4.46 30.18 
6.40 0.35 2.76 -0.24 4.46 18.66 
6 .49 0.57 3.17 -0.01 4.50 5.75 
6.59 -0.26 3.12 -0.41 4.28 9.53 
6.70 0.02 3.21 -0.21 4.74 12.43 
6.80 -0.14 2. 77 0.01 4.74 16.57 
6.90 0.04 3.08 15.66 
7.00 0.02 3.10 -0.17 4.33 26.91 
7.09 0.38 2.70 -0.41 4.34 23.27 
7.21 0.06 3.02 -0.50 4.02 29.83 
7.31 -0.89 2.05 19.44 
7.40 -0.03 3.20 15.32 
7.50 -0.10 3.11 -0.36 4.28 17.58 
7.60 -0.14 3.07 -0.55 4.35 29.00 
7.70 -0.31 2.70 31.62 
7.80 -0.55 2.47 -0.57 4.42 35.09 
7.89 -0.29 2.68 -0.46 4.27 38.64 
8.00 -0.05 2.95 -0.21 5.06 24.99 
8.10 -0.53 2.49 -0.35 4.40 29.54 
8.21 -0.21 3.32 -0.55 4.86 12.23 
8.30 0.22 3.61 -0.48 4.41 14.10 
8.40 0.09 3.17 -0.52 5.00 7.38 
8.50 -0.23 3.17 -0.37 4.79 6.81. 
8.60 0.13 3.60 6.44 
8.70 0.35 3.92 -0.38 4.80 8.63 
8.80 0.17 3.21 -0.51 4.80 12.34 
8.90 0.25 3.29 -0.41 4.72 6.32 
9.00 -0.03 3.60 -0.48 4.55 6.06 
9.10 0.07 3.12 -0.41 4.93 5.47 
9.20 -0.17 3.07 -0. 71 4.22 6.25 
9.29 -0.08 3.46 -0.44 4.73 5.07 
9.40 0.07 3.40 4.14 
9.49 -0.67 3.27 -0.38 4.63 5.99 
9.60 -0.55 2.83 -0.36 4.83 5.04 
9.70 -0.25 2.69 -0.41 4.76 7.28 
9.80 -0.27 3.16 -0.47 4.90 -- ~-?~-
9.89 0.02 3.67 -0.29 4.69 6.56 
10.00 0.13 3.09 7.53 
10.10 -0.06 3.23 -0.03 4.69 14.26 
10.19 0.00 3.04 -0.65 4.07 14.27 
10.30 -0.09 3.22 -0.50 4.75 18.00 
10.41 0.56 3.42 -0.66 3.91 31.49 
10.50 0.65 3.97 -0.44 4.18 35.26 
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Table 4.8 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) s i 3c 8 1 so s i 3c 81 so %CaC0 3 

10.59 0.31 3.00 -0.30 4.09 35.73 
10. 68 0.41 3.46 30.80 
10. 80 0. 77 2.91 -0.34 3.79 49.29 
10.89 0.70 3 .10 -0.23 4.15 45.25 
10. 99 0.58 3.23 -0.42 3.68 35.19 
11.10 0.19 2.54 -0.22 4.12 35.96 
11.18 0.34 2.59 -0.44 3.80 30.21 
11. 30 0.18 2.47 -0.33 3.94 40.34 
11. 39 0.19 2.47 -0.27 3.83 44.60 
11.49 0.26 2.08 -0.19 3.81 38.34 
11. 59 0.28 2.55 -0.44 3. 72 47.62 
11.69 0.04 1. 95 -0.31 3.59 43.16 
11. 79 0.02 2.32 -0.19 2.91 37.01 
11. 90 -0.08 2.40 -0.10 3.37 44.12 
12.01 0.16 1. 79 -0.24 3.79 48.84 
12.11 0.21 2.09 -0.31 3.21 47.85 
12.19 0.34 - 2.30 -0.34 3.67 52.51 
12.28 -0.03 2.16 0.01 3.47 54.58 
12.39 0.29 2.42 -0.15 3.70 50.61 
12.49 0.17 2.10 -0.14 3.78 46.26 
12.59 0.66 3.24 -0.33 4.02 29.76 
12.69 0.01 2.61 0.01 4.59 23.84 
12.79 0.10 2.49 -0.04 4.36 28.10 
12.89 0.61 3.16 -0.27 3.88 29.88 
12.99 0.52 2.90 -0.16 4.59 36.57 
13.09 0.16 2.67 -0.46 3.84 35.72 
13.18 0.18 2.29 -0.25 4.41 44.42 
13.29 0.17 2.69 -1.17 3.19 49.00 
13.40 0.21 2.34 -1.56 2.62 48. 71 
13.49 0.04 2.30 -1.01 3.75 47.35 
13.59 0.27 1. 92 -0.61 3.50 59.44 
13.68 0.21 2.50 -0.66 3.95 55.42 
13. 78 -0.53 1.47 -0.45 3.59 53.45 
13.88 0.05 2. 71 -0.28 3. 71 42.89 
13.99 0.36 2.37 -1.48 2.84 48.16 
14.09 0.31 2.70 -0.91 3.67 39.97 
14.19 0.00 2.50 -0.64 3.47 43.55 
14.29 0.27 2.73 -0.31 3.70 43.51 
14.39 0.53 2.94 -0.09 3.73 47.80 
14.49 0.51 3.03 39.90 
14.52 0.70 2.97 -0.51 4.15 38.38 
14.62 0.70 2.87 -0.34 3.93 38.83 
14. 72 0.69 3.12 -0.48 3.48 40.24 
14.82 0.32 2.96 39.08 
14.92 0.62 2.92 35.68 
15.02 0.55 3.38 -0.36 4.07 40.30 
15.12 0.66 3.27 - 30,5=7--
15.22 0.69 2.81 -0.28 3.50 38.11 
15.32 0.64 2.94 -0.29 3.57 47.27 
15.39 0.60 2.83 -0.23 3.38 46.32 
15.52 0.56 2.63 -0.32 3.58 41.21 
15.53 0.19 1.96 -0.69 3.21 52.48 
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Table 4.8 cont. 

Sub-bottom G. bu l lo ides Uvigerina 
Depth ( m) o i 3c 3180 o i 3c 01 SQ %CaC0 3 

15.61 -0.04 1. 64 -0.76 2. 71 41.76 
15. 72 -0.29 1. 04 -0.87 3.06 56.27 
15.83 -0.07 1. 51 -0.57 2.90 59.56 
15.92 -0.55 1.01 55.38 
16.02 -0.24 1.25 42.19 
16.10 -0.10 1. 96 55.46 
16.20 -0.83 1. 33 53.37 
16.30 -1.21 0.94 -0.43 3.39 61.94 
16.40 -1.00 1.18 -0.42 3.98 46.18 
16.50 -0.31 3.86 49.22 
16.60 -0.64 2.06 -0.45 4.01 46.47 
16. 71 -1.40 1. 86 -1.01 3.97 34.58 
16.80 -0. 71 2.45 -0.36 4.25 36.83 
16.90 -0.46 2.09 15.00 
17.01 0.20 3.38 21.25 
17 .10 -0.30 3.92 14.84 
17.21 0.24 3.10 -1.07 4.60 14.67 
17.30 -0.37 2.36 -1. 73 5.08 8.61 
17.41 -0.55 2. 72 -1. 74 4.84 7.56 
17.49 -1.37 1. 66 8.05 
17.60 -0.57 2.96 -1.87 4.72 9.76 
17. 71 -1.30 2.50 8.07 
17.80 -0.14 3.05 9.86 
17.91 -0.87 2.70 10.09 
18.00 -0.41 3.11 12.83 
18.11 -0.52 2.82 23.85 
18.20 -0.25 3.08 21.15 
18.30 -0.02 3.85 -0.92 4.45 20.55 
18.40 -0.28 3.20 -1.19 4.17 14.44 
18.51 -0.49 3.26 -1.16 4.01 16.22 
18.61 -0.86 2.93 -0.75 4.51 17.39 
18. 71 -0.63 2.89 -0.79 4.34 21.58 
18.80 -0.37 2.98 -0.90 4.48 22.88 
18.90 -0.49 3.19 -0. 77 4.63 32.54 
19.00 -0.76 2. 77 -0.94 4.73 23.52 
19.10 -0.29 3.11 -0.91 4.50 19. 72 
19.20 -0.47 3.74 18.44 
19.30 -0.60 2.91 -0.54 5.33 10.59 
19.40 -0.45 3.35 12.35 
19.50 -0.64 3.24" 7.50 
19.60 -0.63 3.34 21.54 
19.70 -0.67 3.77 -1.23 5.40 4.07 
19.80 -0.43 3.58 -0.79 5.04 4.01 
19.90 -0.55 3.62 -0.95 4.63 4.44 
20.01 -1.43 4.84 4.83 
20.10 4.57 
20.20 -1.11 4.67 2.86 
20.30 -0.42 3.51 -0.81 4.87 .:i.b4 
20.40 -0.95 3.02 -1.11 4.45 5.90 
20.50 -0.42 2.98 -0.69 4.14 11.88 
*%CaC03 results supplied by P.J.Cooke (MSc thesis, 
University of Waikato, 1988). 



Since a "gap" of ~lm existed in Hole 594, additional samples were 

requested from Hole 5948. A rough initial alignment of the two cores 

was provided by colour stratigraphy, which was later refined by the 

good overlap of the carbonate and isotopic records. Results reported 

between 14.52m and 15.53m are derived from Hole 5948. 

4.2 NZOI Cores 

Q200, Q217, and Q219 (see Figure 3.1) were selected for sampling 

because colour and coarse fraction stratigraphy (Griggs et al., 1983) 

suggested that they contained a record of isotope stages 1 through 5. 

The results from the analysis of the top 2.8m of Q200, Q217, and Q219 

are presented in Tables 4.9, 4.10, and 4.11 respectively. 

Table 4.9. 81 so and 81 ac values for Globigerina bulloides and 
Uvigerina, with o/£aC0 3 results for samples from NZOI Core 
Q200 (45°59.7'S;172°1.5'E, in a water depth of 1370m). 

Sub-bottom G.bulloides Uvigerina 
Depth (m) 81 ac 81 so 81 ac 81 so %CaC0 3 

0.03 0.51 1.88 0.05 3.23 
0.10 0.10 1.64 -0.20 3.18 
0.20 0.38 1.86 -0.22 2.89 
0.28 -0.10 2.02 -0.21 3.17 
0.40 -0.01 2.52 -0.50 3.87 
0.50 0.09 3.20 -0.52 4.77 
0.60 0.57 3.40 -0.12 4.95 6.90 
0.69 0.25 3.30 -0.21 4.49 10.30 
0.79 0.18 3.35 -0.20 4.20 14.70 
0.90 0.22 3.24 -0.35 4.09 14.60 
0.99 0.07 2.89 -0.06 4.43 13.20 
1.08 0.46 3.35 -0.21 4.07 25.50 
1.18 0.11 2.83 -0.18 4.29 25.80 
1.28 0.38 3.30 35.60 
1.38 0.14 3.28 -0.51 3.93 31.90 
1.48 0.33 3.30 -0.40 4.26 17.90 
1. 58 -0.10 2.83 -0.77 4.41 9.60 
1.68 0.21 3.23 -0.68 4.45 13.80 
1. 78 0.50 3.55 -0. 71 4.48 16.20 
1.88 0.62 2.98 -0.64 4.50 31.90 
1. 95 0.73 3.13 -0.53 3.89 59.70 
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Table 4.9 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) 81 3c 8180 81 3c 81 so %CaC0 3 
2.04 0.77 2.93 -0.61 4.00 72.80 
2.13 0.69 2.70 -0.43 3.76 81.10 
2.23 0.69 2.60 -0.18 3.95 79.50 
2.33 0.67 2.75 0.01 3.88 85.80 
2.45 0.37 2.49 -0.28 3.42 83.30 
2.53 0.73 2. 77 0.23 4.12 78.90 
2.62 0.73 3.05 -0.23 3.74 71. 30 
2.73 0.57 2.86 -0.14 3.94 79.60 
2.78 0.71 2.58 -0.28 3.64 81.30 

Table 4.10. 81 3c and 8180 values for Globigerina bulloides and 
Uvigerina, with %CaC0 3 results for samples from NZOI Core 
Q217 (46°27.9'S;175°4.0'E, in a water depth of 1936m). 

Sub-bottom G.bulloides Uvigerina 
Depth (m) 81 3c 8180 613c 01 80 %CaC0 3 

0.06 0.42 3.56 -0.29 4.35 16.00 
0.17 0.68 1. 93 -0.40 3.22 65.50 
0.28 2.49 -0.13 3.51 49.00 
0.38 0.24 2.10 -0.37 3.89 49.30 
0.48 0.03 2.26 3.80 
0.58 1. 70 
0.66 3.60 
0.76 0.28 3.73 -0.33 5.15 5.30 
0.86 0.50 3.67 -0.51 4.09 10.60 
1.13 0.34 3.20 8.20 
1.23 0.20 2.73 24.20 
1.33 0.52 3.45 22.60 
1.43 0.53 3.14 23.10 
1. 53 0.31 3.21 -0.62 4.54 13.50 
1.63 0.04 3.87 -0.65 4.88 9.90 
1. 73 0.18 3.21 -0.72 4.04 4.60 
1.83 5.90 
1. 93 0.32 3.94 -0.26 4.33 9.90 
2.04 0.70 3.41 17.40 
2.14 0.76 3.23 46.40 
2.24 0.98 3.22 0.03 3.96 68.00 
2.34 0.57 3.13 -0.05 3.92 75.20 
2.44 0.12 2.81 · -0.45 3.66 50.50 
2.54 0.84 3.10 -0.77 3.73 71.10 
2.64 0.78 3.01 -0.15 3.65 77.40 
2.74 0.53 2.86 -0.22 4.16 48.80 
2.84 -0.05 2.57 -0.64 3.11 43.40 



Table 4.11. 8 13C and 8 180 values for Globigerina bulloides and 
Uvigerina with %CaC0 3 results for samples from NZOI Core 
Q219 (45°0.9'S;l74°59.2'E, in a water depth of 1122m). 

Sub-bottom 
Depth (m) 
0.03 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
0.98 
1.06 
1.16 
1.26 
1.36 
1.46 
1.56 
1.66 
1. 76 
1.86 
1.94 
2.02 
2.12 
2.22 
2.32 
2.42 
2.52 
2.62 
2.70 
2.75 

G.bulloides 

0.43 
0.12 

-0.03 
0.31 
0.32 
0.03 

-0.26 
0.12 

-0.05 
-0.36 
-0.02 

0.12 
0.63 
0.25 
0.39 
0.09 
0.17 
0.21 
0.24 
0.28 
0.00 
0.13 
0.06 
0.15 

-0.14 
-0.11 

0.01 
-0.65 

0.02 
-0.01 

2.09 
2.17 
1. 88 
1. 96 
2.25 
1. 96 
1. 82 
3.10 
2.46 
2.21 
2.11 
2.04 
2.56 
1. 92 
2.21 
1. 96 
2.83 
2.74 
2.25 
2.37 
2.21 
2.25 
3.00 
2.43 
1.83 
1. 73 
2.18 
2.02 
2.11 
2.06 

Uvigerina 
813c 

-0.43 
-0.54 
-0.49 
-0.30 
-0.33 
-0.41 
-0.40 
-0.86 
-0.60 
-0.85 
-0.65 
-0.46 
-0.29 
-0.26 

1.02 
1.18 

-0.26 
0.26 

0.47 
0.42 
0.43 
0.13 
0.23 

3.18 
3.42 
3.85 
3.32 
3.18 
3.08 
3.52 
3.27 
3.45 
3.39 
3.29 
2.84 
2.92 
3.12 

3.21 
3.01 

3.04 
2.81 

2.42 
2.11 
2.34 
2.84 
2.88 

22.60 
29.00 
36.90 
42.20 
37.90 
28.90 
27 .10 
13.10 
30.70 
25.50 
24.00 
23.30 
26.40 
40.40 

0.90 
4.40 

27.00 
42.70 
52.40 
50.40 
52.10 
57.60 
45.40 
53.20 
54.40 
43.10 
54.50 
42.00 

53.90 

Cores Q580, Q585, and Q858 (see figure 3.1) were all chos~n to 

provide a range of sites along the length of New Zealand off the east 

coast. The results from these cores are presented in Tables 4.12, 

4.13, and 4.14 respectively. 
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Table 4.12. 8 13C and 8 18 0 values for Globigerina bulloides and 
Uvigerina, with %CaCO 3 results for samples from NZOI Core 
Q580 (46°12.2'S;l79°0.0'W, in a water depth of 3964m). 

Sub-bottom G.bulloides 
Depth (m) 
0.08 
0.17 
0.26 
0.36 
0.46 
0.52 
0.60 
0.70 
0.79 
0.86 
0.97 
1.07 
1.17 
1. 27 
1.37 
1.47 
1. 57 
1.67 
1. 77 
1.87 
1.98 
2.08 
2.18 
2.28 
2.38 
2 .48 
2.58 
2.68 
2.79 
2.90 
3.00 
3.10 
3.20 
3.30 
3.40 
3.50 
3.60 
3.70 
3.80 

0.57 
0.84 
0.53 
0.23 
0.42 

-0.06 
0.12 

-0.32 
-1.15 
-0.35 
-0.08 
-0.24 
-1.16 
-0.81 

-0.91 

-0.91 

-1.27 
-0.34 

-0.63 
-0.38 
-0.02 
-1.26 
-0.45 

-0.53 

-0.44 
-0.42 
-0.25 

0.35 

2.13 
2.18 
1. 77 
2.01 
2.33 
1. 80 
2.37 
2.42 
2.46 
2.08 
2.84 
3.03 
1.98 
2.56 

2.86 

2.67 

2.06 
2.76 

3.25 
3.51 
3.91 
2.46 
3.54 

3.12 

3.22 
2.90 
2.95 
3.38 

Uvigerina 
81 3c 

-0.56 

-0.59 
-0.88 
-0.84 
-0.89 
-0. 77 
-1. 98 

-2.09 
-3.40 
-1.69 
-1.34 
-1.45 

-1.55 
-0.93 
-1.32 

-1.80 
-1.31 
-1.66 
-1.03 
-1.25 

-1.27 
-1.05 
-1.46 
-1.29 
-1.53 
-1.21 
-1.16 
-1.07 
-1.15 
-1.42 
-1.10 
-1.08 
-1. 07 

3.09 

3.22 
3.42 
3.61 
3.39 
3.84 
3.45 

3.51 
3.16 
4.28 
4.54 
4.75 

4.80 
5.16 
4.75 

4.18 
4.68 
4.54 
5.22 
4.74 

4.12 
5.37 
4. 71 
4.51 
4.36 
4.70 
4.67 
4.82 
4.72 
4.39 
4.70 
4.49 
4.47 

42.10 
32.60 
38.90 
38.20 
41.30 
19.30 
48.00 
45.70 
37.40 
24.70 
20.30 
13 .40 

7.70 
4.00 
1.60 
1.40 
3.30 
2.10 
0.70 
0.00 
8.60 
0.30 
0.80 
3.00 
3.00 
2.50 
1.30 
2.40 
2.40 
0.70 
7 :-40 
6.50 
8.20 
8.20 
8.30 
9.10 
7.70 
8.50 
6.20 
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Table 4.13. o13C and 0180 values for Globigerina bulloides 
and.Uvigerina, with %CaC0 3 results for samples from NZ0I 
Core Q585 (49°42.2'S;177°55.5'W, at a water depth of4354m). 

Sub-bottom 
Depth (m) 
0.01 
0.09 
0.19 
0.29 
0.39 
0.51 
0.63 
0.73 
0.83 
0.94 
1.04 
1.14 
1.24 
1.35 
1.45 
1.55 
1. 65 
1. 73 
1.83 
1. 93 
2.04 

G.bulloides 
o 1 3c 

0. 77 
0.33 
0.40 
0.25 

0.37 
0. 72 
1.09 
0.91 
0.52 
0.70 
0.91 
0.73 
0.52 
0.45 
0.61 

0.68 

2.36 
2.36 
3.29 
2.78 

3.32 
3.11 
3.85 
3.48 
3.22 
3.22 
2.47 
2.82 
2.40 
2.93 
2.53 

2.83 

Uvigerina 
o 1 3c 

-0.03 
-0.98 
-1.10 

-0.85 
-0.86 
-0. 77 
-0.77 

-0.75 
-0.81 
-1.02 
-0.65 

-0.73 

-0.43 

-0.48 

4.26 
4.77 
4.57 

5.07 
4.16 
4.59 
4.50 

4.57 
4.58 
3.69 
3.92 

3.41 

4.42 

3.14 

46.30 
64.10 
23.20 
13.40 

7.00 
11.50 
16.90 
19.30 
18.70 
17.30 
28.40 
33.40 
41.20 
39.60 
37.30 
53.80 
42.80 
64.20 
45.60 
46.80 
55.90 

Table 4.14. o13C and 6 180 values for Globigerina bulloides and 
Uvigerina, with %CaC0 3 results for samples from NZ0I Core 
Q858 (39°49.6'S;178°3.5'W, at a water depth of 3735m). 

Sub-bottom 
Depth (m) 
0.02 
0.10 
0.18 
0.28 
0.38 
0.48 
0.58 
0.68 
0.78 
0.88 
0.98 
1. 06 

G.bulloides 
313 

-0. 77 
-1.84 
-1.04 
-0.49 
-0.24 

1. 70 
0.18 
1.97 
2.23 
2.69 

Uvigerina 
s 1 3c 

-0.52 
-0.55 
-1.17 
-0.78 

-0.95 

3.41 
3.37 
3.42 
3.61 

4.02 

%CaC0 3 

21. 00 
13.20 
14.~0 
27.70 
27.50 
33.90 
31.60 
22.80 
23.20 
22.10 
13.40 
14.00 
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Table 4.14 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth ( m) 313 3180 81 3c 81 so %CaC0 3 
1.16 -0.50 2.50 -0.99 5.36 14.30 
1.26 -0.60 2.44 9.30 
1. 38 -0.01 2.97 11. 60 
1.48 0.29 3.51 10. 00 
1. 56 0.06 2.58 -1.42 3.39 7.30 
1. 66 -0.50 2.64 9.90 
1. 76 -0.16 2.67 12.20 
1.86 -0.19 2.78 -0.93 5.15 13.10 

The remaining site (22108) is to the west of New Zealand 

(33°22.59'S;161°36.75'E, in 1448m of water), and was chosen to provide 

a more complete transect of the Tasman Sea. The stable isotope ratios 

and %CaCOJ values from 22108 are presented in Table 4.15. 

Table 4.15. 81 Jc and 81 so values for Globigerina bulloides and 
Uvigerina, with %CaC0 3 results for samples from Core 22108. 

Sub-bottom G.bulloides Uvigerina 
Depth (m) 8 1 Jc 3180 313c 81 so . %CaCOJ 
0.04 -0.98 -0.61 -0.44 2.64 84.50 
0.14 -1.20 0.07 -1.18 3.02 84.30 
0.24 -1.41 -0.11 -0.56 3.36 79.60 
0.35 -2.65 0.00 -0.42 3.81 82.70 
0.46 -1.77 0.40 -0.39 3.85 75.30 
0.56 -1. 53 0.01 -0.57 3.02 82.20 
0.66 -1. 30 0.42 -0.86 2.96 83.10 
0.76 -1.74 -0.10 -0.84 2.98 76.10 
0.86 -1.85 -0.11 -0.86 2.91 82.10 
0.98 -1.72 -0.17 -0.48 3.09 77. ttl 
1. 06 -1. 92 -0.21 -1.14 2.96 81.10 
1.16 -2.24 -0.05 -0.54 3.46 81.90 
1. 27 -2.29 -0.16 -0.82 3.48 -9.90 
1. 36 -1. 64 0.13 -0. 67 3.12 78.40 
1.46 -1. 29 •• 0.00 -0.75 3.26 84.20 
1. 56 -2.64 -0.69 -1. 76 2.50 84.00 
1.66 -2.53 -1.04 -0.92 2.54 85.80 
1. 75 -9.90 -9.90 -1.87 2.33 84.80 
1. 84 -2.25 -1.53 0.11 3.17 84.50 
1.93 -9.90 -9.90 -0.51 2.75 84.70 
2.07 -1.13 -0.08 -0.70 2.84 85.70 

-
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Table 4.15 cont. 

Sub-bottom G.bulloides Uvigerina 
Depth ( m) o 1 3c 8180 o 1 3c 81 so %CaC03 
2.17 -2.29 -1.01 -0. 72 2.76 86.00 
2.27 -1.74 -0. 71 -0.29 2.82 83.70 
2.37 -1. 95 -0.66 -0.58 1.84 83.10 
2.47 -1.49 -0.16 -1.15 2.18 84.80 
2.57 -1.56 0.57 -0.68 3.28 82.10 
2.67 -1. 95 0.37 -1.09 3.14 78.00 
2. 77 -1. 68 1.03 -1.44 3.48 -9.90 
2.87 -1.29 1.81 -1.01 3.47 77.30 
2.97 -9.90 -9.90 -1.18 3.78 74.90 
3.07 -2.09 0.34 -0.74 4.03 79.00 
3.17 -2.01 0.15 -0.77 3.68 80.70 
3.27 -9.90 -9.90 -1.12 3.35 75.90 
3.37 -9.90 -9.90 -0.78 3.29 77.60 
3 .48 -2.43 -0. 71 -0.93 2.87 80.70 
3.58 -1.71 0.30 -0.62 3.88 80.80 
3.68 -1.61 0.04 -0.43 3.99 76.00 
3.78 -2.55 -0.64 -0.76 3.62 78.20 
3.88 -1.56 0.20 -0.65 2.68 82.20 
3.98 -2.34 -1.60 -0.22 2.80 80.60 
4.05 -1. 02 -0.02 -0.75 2.58 87.00 

The results presented in this chapter will be discussed in 

Chapter 5. 



Chapter Five 



DISCUSSION OF RESULTS 

The results obtained from the analysis of core samples in Chapter 

4 will be discussed in this chapter. All of the carbonate, 0 180 and 

o13 C data (where available) for each core are presented graphically 

(figures are referred to in the text). 

The first step in the discussion of the 8 180 results involves the 

assignment of stage boundaries (Section 5.1.1). In most cases the 

records do not go back beyond stage 9, but longer sections of core 

were available from Sites 589, 592 and 593 (and also from previous 

analysis of Site 594; Cuthbertson, 1985). Following the assignment of 

stage boundaries, comparisons are made between the results obtained in 

this study and those previously derived for other 8 180 records 

(Section 5.1.2). Further discussion then focuses mainly on particular 

periods represented in the 6 180 record, including the Holocene 

(Section 5.1.3), the last glacial (Section 5.1.4), the nature of 

(Section 5.1.5), and the. last glacial to interglacial changes 

interglacial (Section 5.1.6). In addition, the degree of synchroneity 

planktonic 6 180 record at Site 594 is of cyclicity in the benthic and 

considered (Section 5.1.7). 

0 13 C results are then analysed (Section 5.2) using much the same 

format as for the 8 180 results. The chapter concludes with discussion 

of some aspects of the carbonate record (Section 5.3). 

5.1 Discussion of 6 180 Results 

5.1.1 Assignment of Stage Boundaries 

The plots of data from Tables 4.1 to 4.15 show fluctuations 

between high and low 6 180 values, due to changes in ice volume and 
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temperatures, from which the inferred placement of isotope stage 

boundaries can be made (Emiliani, 1955; Shackleton and Opdyke, 1976). 

Boundaries for the short (few metres long) cores from the east of 

New Zealand were selected following comparison with the detailed 594 

record (Figure 5.1), while those from the west of New Zealand (Tasman 

Sea) were chosen by comparison with the long 593 record (Figure 5.10). 

The ages adopted for these boundaries are those derived by Imbrie et 

al. (1984). Justification of the stage boundaries chosen for each core 

is presented. Stage boundaries have been positioned roughly in the 

middle of the period of greatest change from glacial to interglacial 

(or vice versa) conditions indicated by the 0180 record. The non­

synchroneity of some of the benthic and planktonic records (see 

Section 5.1.7) created difficulties in the placement of stage 

boundaries, as the period of change was slightly offset in one record 

compared to the other. In addition, the marked sub-stage fluctuations 

in some records made it difficult to recognise where 0180 values truly 

started to change from one extreme to another. Some attempt was made 

to put the assignment of stage boundaries on a statistical basis, but 

the mathematical modelling for such an exercise proved to be well 

beyond the scope of this thesis (Dr Ray Littler, School of Science 

statistical consultant, pers. comrnun., 1988). 

East of New Zealand 

594 The stage boundaries for 594 were largely determined on the basis 

of comparison to the spectral mapping group (SPECMAP) planktonic 0180 

stack (Imbrie et al., 1984) shown in Figure 5.la, and to benthic data 

from cores V19-30 (Shackleton et al., 1983) and Meteor 12 392 (Figure 

5.2a and c). Although the 594 record contains far greater detail than 

the SPECMAP plot, it is not difficult to see that, with smoothing, the 
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general shape of the 594 curve follows the major trends of the SPECMAP 

stack for stages 6 to 1. Radiocarbon dating of a sample from 0.3m sub­

bottom depth in 594 yielded an age of 6.8ky, compatible with the stage 

1 assignment. 

594 shows far greater short term variability, and a slightly 

larger range from high to low values, than either of the V19-30 and 

M12 392 records. This is no doubt due to the preservation of short 

duration climatic fluctuations because of the very high sedimentation 

rates (~13cm/ky) and consequently extremely high resolution available 

in the 594 core. These fluctuations are not caused by analytical 

uncertainties as repetition of randomly chosen samples yielded results 

consistent within the standard deviation of the NBS-19 values. 

Some difficulty arose over the assignment of the 2/3 stage 

boundary as it is not clearly defined in either the benthic or the 

planktonic 6180 record. However, the %CaCO 3 record (Figure 5.3e) 

displays peaks and troughs that are more or less synchronous (within a 

few cm sub-bottom depth) with the 6180 record (Cuthbertson, 1985; 

Nelson et al., 1985). Because of this near-synchroneity, it was felt 

justified - in the case of 594 to assume that changes from high to 

low carbonate content correspond to stage boundary transitions 

occurring in the 6180 record. This approach is not without precedent 

(e g W·11· s et al 1988). Hence., as the 2/3 transition is .. , l 1am •, 

clearest in the carbonate record, it was decided that this be used to 

define the 2/3 stage boundary. The 6180, 6 13C and %CaCO3 records of 

Core 594 are shown in Figure 5.3, with the proposed stage boundaries 

marked. 

The sub-bottom depths and ages of the stage boundariesare 

presented in Table 5.1, together with the sedimentation rate for each 

stage. The sedimentation rates for each stage have been derived from 
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the core length representing each stage, and the length of time for 

which the stage lasted. A constant sedimentation rate is assumed 

within each stage. These sedimentation rates can only be approximate 

since no compensation has been made for the increasing compaction of 

the sediment with burial depth, compression of the core during 

drilling, and subsequent dessication during storage (particularly for 

the older NZOI cores that are discussed later), but are a useful guide 

to general trends in glacial and interglacial sedimentation rates. 

Table 5.1. Depths and ages of stage boundaries in Core 594, with 

sedimentation rates for each stage (see Figure 5.3). 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

Stage Sedimentation 

Rate (cm/ky) 

1/2 1.3 12 1 10.8 

2/3 5.45 24 2 34.6 

3/4 8.15 59 3 9.1 

4/Sa 10.5 71 4 18.3 

Sa/Sb 12.4 5 11.2 

Sb/Sc 13.1 

5c/5d 14.5 

5d/5e 15.6 

5e/6 16.9 128 

Q200 (Figure 5.4). The values for planktonic and benthic 6180 are 

consistent with those obtained at Site 594 for stages 1, 2 and 3, with 

no isotopic evidence of stage 5. The proposed stage boundaries are 

140 



(Tl .... 
(I) I tl217 141 - u 
I 1. u < 

I- I u 
__J 
w I .... a 0 e u 0. 6 

t- .... 
~ 0. a 
j I- 0. 2 ::.:: 
IL ~ a 

__J 
-0. 2 (I) a.. -I (T) 

u .... 
I 

u 
u -0. 2 .... < 
:c b 

I-
t- __J 

z w 
I.LI -0.6 0 
m u -0. 4 
m .... 
m -1. 0 i= b 
N 
CJ ffi -0. 8 
(I) m ... 
I (I) 

0 
1. 2 l 3 i 4 5 I 

< 0 
t- I I 
__J < : I I.LI 2. t-
a J I I 

u 
w C 
0 I .... 

2. C z u 
0 -t- z 
~ 0 d z t- 3. < ::.:: 
J z 
(1.. < 

3. .J 
CL 

u d u 
. 3. -... 

~ :I: ... 
z z 

; IJJ .. w 
·m m 

m 
,... -m "· N 

N 4. 
C, 

a 

e 

ltJ w 
I-
< t-

z < 60. 0 
0 z 
Ol 

0 

0:: 
m 

< Q: 

u < e 
~ 

u 
k 40. 0 

m r--m 
N N 0 a 

20. 0 

0.0""',c-~.__ ....... ~,____._--JL--....I 
0. 00 1. 00 2. e0 a. ee 

e.e""'"'"__...___.____,.__....___,,___~ 
e. 00 1. e0 2. 00 3. 00 

SUB-BOTTOM DEPTH 00 SUB-BOTTOM DEPTH CM) -

Figure 5.4a. Q200 planktonic st ac Figure 5.5a. Q217 planktonic 6_13C 

record. 
b. Q200 benthic st ac 

record. 
61lc b. Q217 benthic 

record. 
c. Q200 planktonic st so 

record. 
6180 c. Q217 planktonic 

record. 
d. Q200 benthic st so 

record. 
d. Q217 benthic6 180 

record. record. 
e. Q200 %CaC03 record. e. Q217 %Ca.C0 3 record. 



presented in Table 5.2. Some doubt must exist as to whether the second 

interglacial labelled in the record represents stage 3 (as suggested 

by the isotopic analysis) or stage 5, since Griggs et al. (1983) 

report pelagic-hemipelagic changes in Q200 which suggest a record of 

stages 5 to 1. However, this is not supported by the isotopic ratios, 

as the 818 0 values between 2 to 3m sub-bottom depth (the section in 

question) do not approach the extremes of the low values for stage 1, 

which would be expected if it was stage 5. They are, however, 

compatible with a stage 3 interpretation. 

Table 5.2. Proposed stage boundaries, depths and sedimentation rates 

for Q200 (see Figure 5.4). 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

1/2 

2/3 

0.4 

1. 9 

12 

24 

Stage 

1 

2 

Sedimentation 

Rate (cm/ky) 

3.0 

12.5 

Q217 (Figure 5.5). The planktonic foraminiferal 8 18 0 values do not 

clearly establish whether or not the core records stages 3 to 1, or 5 

to 1. However, benthic foraminiferal values indicate a record of 

stages 5 to 1, as the extreme low value of 3.2°/oo recorded during 

stage 1 was previously reached at 2.8m sub-bottom depth. This supports 

published data on stage boundaries based on colour and grain size 
-

( 1983), and correlates with an apparently clearer Griggs et al., 

definition of stages 5 to 1 represented by the carbonate data. The 
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proposed boundaries are 

sedimentation rates. 

presented in Table 5.3, along with 

Table 5.3. Proposed stage boundaries and sedimentation rates for Q217 

(see Figure 5.5) 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

1/2 

2/3 

3/4 

4/5 

0.55 

1.1 

1.55 

2.1 

12 

24 

59 

71 

Stage 

1 

2 

3 

4 

Sedimentation 

Rate (cm/ky) 

4.6 

5.4 

1.3 

4.6 

Q219 (Figure 5.6). Fluctuations in the planktonic 6180 record are 

insufficiently extreme to denote full glacial to interglacial 

variations. The low values (averaging 2.2°/00 in the planktonic 

record) would seem to indicate that the record is either all stage 1 

or all stage 5, but the evidence is inconclusive. The sand mineralogy 

determined by Griggs et al. (1983) likewise does not allow stage 

definition. For this reason, no stage boundaries are defined for Q219. 

Q580 (Fl·gu 5 7) The benth1·c foraminiferal plot suggests a 1/2 __ re .. 

boundary at ~lm sub-bottom depth that is not apparent in the 

planktonic record. Incursions of the cold-water Western Boundary 

Current (WBC) could have resulted in the confused planktonic signal. 

However, since the %CaCO 3 curve appears to support a transition at lm 
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this has been taken as the position of the 1/2 boundary, yielding a 

sedimentation rate of 8.3cm/ky for stage 1. 

Q585 (Figure 5.8). Based on the 8 180 values, much of the Holocene 

appears to be missing, with the proposed 1/2 boundary very close to 

the sea floor at 0.13m, and the 4/5 boundary at ~l.3m. The thinness of 

the Holocene may reflect the proximity of the site to the WBC, as it 

flows between the Campbell Plateau and the Bollans Sea Mount, with 

consequent erosion (L.Carter, pers. commun., 1987). 

Q858 (Figure 5.9). The isotope data from this site are inconsistent 

and confusing. Peculiarities in the benthic record have been suggested 

by Carter (NZ0I, pers. cornmun., 1987) to be due to upslope incursions 

of the WBC. If this was the case, changes in water temperature brought 

about by the flow may have induced dissolution of the calcite, as Q858 

is in deep water (3735m), close to the CCD. The planktonic data do, 

however, suggest a 1/2 boundary at 0.85m. This is supported by 

Carter's interpretation of a lithologic change, dated at about 13ky, 

corresponding closely to the Pleistocene/Holocene boundary (L.Carter, 

pers. commun., 1987). 

West of New Zealand 

593 The stage boundaries for this long core were determined by 

comparison with the SPECMAP 8 18 0 stack (Figure 5.10) and the records 

of cores V28-239 and DSDP 502 (Figure 5.11). The Brunhes/Matuyama 

boundary is given as 16.lm (Kennett et al., 1986). The proposed 

isotope stage boundaries for Core 593 back to the Brunhes/Matuyama 

boundary are marked in Figure 5.12 and presented in Table 5.4. 
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(Figures 5.13 and 5.14 of the 0 18 0 ad ~13C n u records, respectively, for 

the top 43m of core analysed are included here for completeness). 

Table 5.4. Proposed stage boundaries f 593 or , with sedimentation rates 

(see Figure 5.12). 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

1/2 0.2 12 

4/5 1.45 71 

5/6 2.2 128 

6/7 3.5 186 

7/8 4.6 245 

8/9 5.25 303 

9/10 5.75 339 

10/11 7.0 362 

11/12 8.0 423 

13/14 12.4 524 

15/16 13.4 620 

17/18 14.9 689 

19/20 16.2 736 

Stage Sedimentation 

Rate (cm/ky) 

1 1.6 

5 1.3 

6 2.2 

7 1.9 

8 1.1 

9 1.4 

10 5.4 

11 1.6 

Reinforcement of the stage assignments is provided by the first 

appearance of Emiliania huxleyi at 5.07m (Kennett et al., 1986; 

Lohman, 1986, pers. data), which is assigned as stage 8 and is 
-

consistent with Thierstein et al. (1977) who proposed that it evolved 

approximately 270ky BP. In addition the last appearance of 

Pseudoemiliania lacunosa at 9.9m (Kennett et al., 1986; Lohman, 1986, 
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pers. data), which would place it in stage 12 (one of the most extreme 

glacials), is in good agreement with comparable bioevents between 410 

and 460ky BP (Hays and Shackleton, 1976; Gartner, 1977; Shackleton, 

1977; Thierstein et al., 1977) occurring in a period of extreme 18 0 

enrichment (Prell, 1982; Imbrie et al., 1984). 

586 (Figure 5.15). The two planktonic species analysed from Site 586 

were Globigerina ruber and Globigerina sacculiferra, and so direct 

comparison with the isotopic ratios of Globigerina bulloides is 

difficult. Moreover, there were insufficient benthics to analyse. 

However, the range of values between fluctuations, and in particular 

the shape of the high 8 180 region (which is typical of stage 6 - cf. 

594), are compatible with the boundaries presented in Table 5.5. 

Table 5.5. Proposed stage boundaries for 586, with sedimentation rates 

(see Figure 5.15). 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

5/6 

6/7 

7/8 

1.2 

2.25 

3.65 

128 

186 

245 

Stage 

6 

7 

Sedimentation 

Rate (cm/ky) 

1.8 

2.4 

The differences in isotopic composition between the two planktonic 

less Constant, with G.sacculifera generally species remained more or 

• 180 d o 60/ lighter in 13C than G.ruber. That ~0.1°/00 heavier 1n an ~ • oo 

heavl·er in 180 is not unexpected as on average G.sacculifera should be 

154 



155 

figure 

589 
(T) 0. 40 
I 
u 

a < 0. 0 
I-
_J 
w 
0 

u 
z 
D 
I-
::.:: 
z 
< 
_J 
a.. 

(Tl 

I 0. 6 u 
< 
I-
_J 
w 
0 b 
u -:x:: 
I-z 
w 
m 
Cl) 
m 
tn 

-0. 8 
m 
I 

0 

< 
I-
_J 
w 
0 

u .... 
z 
0 

C 
I-
::.:: z 
< 
_J 
a.. 

m 
I 

0 

< 
I-
_J 

e 
w 
0 

u .... 
:x:: 
I-z 
w 
m 
Cl) 
m 
If) 

w 
~ 100. 0,.,,_ _____________________________ --, 
z 
0 
m 
er 
< u 
M f 
Cl) 
m 
tn 12. 00 

24. 00 2a 00 32. 00 36. 00 5.17a. 589 planktonic 6 13C record. 
b. 589 benthic 6 11C record. 
c. 589 planktonic 6110 record. 

SUB-BOTTOM DEPTH CM> 

d. 589 benthic 6 110 record. 
e. 589 %CaC0 3 record. 



it lives at a slightly greater depth ( 5 ~ Om deeper), and hence in 

slightly cooler water, than G. rube r (Be, 1977). 

588 (Figure 5.16). The proposed stage boundaries for 588 are presented 

in Table 5.6. These were largely chosen on the basis of the clear 

fluctuations in the benthic record. Boundaries above the 5/6 

transition (i.e. stages 5 to 1) are not clearly identifiable. 

Table 5.6. Proposed stage boundaries for 588, with sedimentation rates 

(see Figure 5.16). 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

5/6 

6/7 

7/8 

8/9 

9/10 

0.85 

1.35 

1. 81 

2.2 

2.65 

128 

186 

245 

303 

339 

Stage 

6 

7 

8 

9 

Sedimentation 

Rate (cm/ky) 

0.9 

0.8 

0.7 

1. 3 

589 (Figure 5.17). The 589 record is of low resolution, from 40cm 

sampling intervals, and since there are only ~5 major peaks before the 

Brunhes/Matuyama boundary at llm realistic assignment of stage 

boundaries is not possible. Comparison of the relative heights of the 

peaks suggests that the 11/12 stage boundary is at ~5.3m, as stage 12 

is generally the most positive stage in the isotopic record back to 

the Brunhes/Matuyama boundary. It is impossible to determine if the 

two peaks evident between the top of the core and 5.3m represent 5, 7 

156 



157 

(T) 

(J -0. 6 

< 
~ -1. 0 
w 
0 

u .... 
z 
0 
I­
:,:: 
z 
< 
...J 
a.. 

(T) 

I 
u 
< 
1-
...J 
w 
0 

u .... 
I 
1-z 
w 
(Il 

a> .... 
I 

0 

< 
1-
...J 
w 
0 

u 
z 
D 
I­
:,:: 
z 
< 
...J 
a.. 
ISl 
Ol 
I() 

a> .... 
I 

0 

< 
1-
...J w 
D 

u .... 
I 
1-z w 
m 
ISl 
Ol 
I() 

590 

a 

b 

C 

SUB-BOTTOM DEPTH (M) 

Figure 5.18a. 590 planktonic 
record. 
b. 590 benthic 
record. 
c. 590 planktonic 
record. 

d. 590 benthic 
record. 

61 3c 

61 3c 

61 so 

3180 

(T) 

I 
u 
< 
~ -0. 6 
w 
0 

u 
z 
D 
I­
:,:: 
z 
< 
...J 
a.. 
(T) .... 
I 

u 
< 
1-
...J 
w 
□ 

u ..... 
I 
f­z w 
m 

CD .... 
I 

a 

< 
1-
...J 
w 
□ 

u ..... 
z 
□ 
I­
:,:: 
z 
< 
...J 
CL 

< .... 
Ol 
I() 

Q)• 

I 
D 

< 
I-
...J 
w 
□ 

u .... 
I 
I-z 
w 
m 
< 
Ol 
I() 

3. 6 

Figure 

SUB-BOTTOM 

5.19a. 591A 
record. 
b. 591A 
record. 
C. 591A 
record. 
d. 591A 
record. 

591A 

a 

b 

C 

d 

3. 00 4. 00 s. 00 

DEPTH CM)-

planktonic 61 3c 

benthic st 3c 

planktonic 6180 

benthic 6180 



or 9, although stage 1 is almost certainly missing. When 589 was 

sampled on board Glomar Challenger a plug was taken from each of the 

alternating colour sequences (Section 4.1) to ensure an analytical 

point for each palaeo-event. The absence of sufficient major peaks 

before the Brunhes/Matuyama boundary would indicate that colour 

sequences alone are not reliable indicators of glacial/interglacial 

changes. 

590 (Figure 5.18). Both planktonic and benthic 8180 values suggest a 

record of stages 7 to 1, with the boundaries defined in Table 5.7. 

Table 5.7. Proposed stage boundaries for 590, with sedimentation rates 

(see Figure 5.18). 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

1/2 0.25 12 

2/3 0.55 24 

4/5 1.15 71 

5/6 1.75 128 

6/7 2.3 186 

Stage Sedimentation 

Rate (cm/ky) 

1 2.1 

2 2.5 

5 1.0 

6 0.9 

d f l·sotope stages 8 to 1 was obtained, 591A (Figure 5.19). A recor o 

with the stage boundaries defined in Table 5.8. 
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Table 5.8. Proposed stage boundaries for 591A, with sedimentation rates 

(see Figure 5.19). 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

1/2 

4/5 

5/6 

6/7 

7/8 

0.15 

1. 5 

2.0 

3.0 

4.1 

12 

71 

128 

186 

245 

Stage 

1 

5 

6 

7 

Sedimentation 

Rate (cm/ky) 

1. 3 

0.9 

1. 7 

1. 9 

22108 (Figure 5.20). The benthic 8180 record of Z2108 is consistent 

with that of 593, and provides an interpretable curve from the base of 

the Holocene back to stage 7, with a similar sedimentation rate to 

592. The boundaries are defined in Table 5.9. 

Table 5.9. Proposed stage boundaries for Z2108, with sedimentation 

rates (see Figure 5.20). 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

1/2 

4/5 

5/6 

6/7 

0.25 

1. 5 

2.6 

3.3 

12 

71 

128 

186 

Stage 

1 

5 

6 

Sedimentation 

Rate (crn/ky) 

2.1 

1.9 

1.2 
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592 The long, low resolution record of Site 592 (Figure 5.21) was of 

little help in assigning stage boundaries, and attention was focused 

on the short, high resolution, record (Figure 5.22). The positions of 

the boundaries are shown in Table 5.10. 

Table 5.10. Positions of the stage boundaries in 592, with 

sedimentation rates (see Figure 5.22). 

Stage Sub-bottom Age 

Boundary Depth(m) (ky) 

1/2 0.25 12 

4/5 0.8 71 

5/6 1.4 128 

6/7 2.0 186 

7/8 2.5 245 

8/9 2.9 303 

9/10 3.4 339 

Stage Sedimentation 

Rate (cm/ky) 

1 1.2 

5 1.1 

6 1.0 

7 0.8 

8 0.7 

9 1.4 

(Note: As the results plotted in Figur_es 5.3 to 5.9 and Figures 5.12 

to 5.22 feature repeatedly in later discussions, additional unbound 

copies of these graphs are provided for convenience in the envelope 

inside the back cover). 

Summary 

( 588) have very low sedimentation rates Some of the cores e.g., 

Stages and it is not surprising that (<lcm/ky) over some, or all, 
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Table 5.11. Summary of the sub-bottan depths of the stage boundaries in each core, and the derived sedimentation rates for 

each stage. 

-
Stage boundary depth West of New Zealand· East of New Zealand 
(sub-bottan, m) . 

586 588 590 591A Z2108 592 593 Q858 594 Q200 Q580 Q217 Q585 
(Sedimentation rate 

for stage, an/ky) . 

1/2 - - 0.3 0.2 0.3 0.3 0.2 0.8 1.3 0.4 1.0 0.6 0.1 
(1) (2 .1) (1. 3) (2. 5) (1.2) (1.6) (6. 7) (10.0) (3.0) (8. 3) (4. 6) 

2/3 - - 0.6 - - - - - 5.5 1.9 - 1.1 
(2) (2. 5) ( 34. 6) ( 12. 5) (5. 4) 

3/4 - - - - - - - - 8.2 - - 1.6 -
(3) (9 .1) (1. 3) 

4/5 - - 1.2 1.5 1.5 0.8 1.5 - 10.5 - - 2.1 1. 3 
(4) (18. 3) (4.6) 

5/6 1.2 0.8 1.8 2.0 2.6 1.4 2.2 - 16.9 
(5) (1.0) (0. 9) (1. 9) (1.1) (1.3) (11. 2) 
. -

6/7 2.8 1.3 2.3 3.0 3.3 2.0 3.5 
(6) (2. 7) (0. 9) (1. 7) (1. 2) (1.2) (1. 0) (2. 2) 

7/8 3.7 1.8 - 4.1 - 2.5 4.6 
(7) (1. 5) (0. 8) (1. 9) (0.8) (1.9) 

8/9 - 2.2 - - - 2.9 5.3 
(8) (0. 7) (0. 7) (1.3) 

9/10 - 2.7 - - - 3.4 5.8 
(10) (1. 3) (1. 4) (1.1) 

... 
c:n 
.c,. 



their palaeo-isotopic record is lacking in detail. Ruddiman (1977) 

suggested that 5-l0ky duration episodes may only be resolved where 

sedimentation rates are >3cm/ky, and that lcm/ky is the lowest 

possible sedimentation rate to pick up l0ky episodes. 

The depths of stage boundaries within all cores and, where 

possible, the derived sedimentation rates for each stage are presented 

in Table 5.11. The cores are listed in latitudinal sequence, from 

north to south, for cores to the west and to the east of New Zealand. 

Figure 5.23 summarises the sub-bottom depths of the stage boundaries 

for each core, where they can be determined. 

West of New Zealand the sedimentation rates for each stage do not 

vary greatly from core to core, and do not show consistent variations 

between glacial and interglacial stages. 

East of New Zealand, however, the influence of terrigenous 

sediment input from the Southern Alps of the South Island has resulted 

in a noticeable difference between glacial and interglacial 

sedimentation rates. During cooler periods increased erosion of the 

Southern Alps due to glacial action results in an increased volume of 

terrigenous sediment transported by rivers to the east coast shelf 

(Griggs et al., 1983; Nelson et al., 1986). In some cases these rivers 

extended across the continental shelf and discharged directly into the 

Bounty Trough from the Otago Canyons .. (Carter and Carter, in press). 

During interglacial periods alpine erosion was less severe, and the 

resultant sediment was generally trapped in glacial lakes and piedmont 

plains. In addition, during interglacial periods a northeasterly 

transport regime evolved which resulted in river sediments being 

diverted from the Bounty Trough, and carried instead along the shelf 

(Carter and Herzer, 1979; Carter et al., 1985). Consequently, higher 

sedimentation rates are evident during glacial (compared to 
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interglacial) periods at Sites 594, Q200 and Q217 (the only sites for 

which a sufficient number of sedimentation rates can be determined). 

The mean glacial and interglacial sedimentation rates for the sites 

studied are shown in Figure 5.24. 

Less easily explained, however, is the reason for the vast 

difference in sedimentation rates (during both glacial and 

interglacial periods) seen at Site 594, compared to those of Q200 and 

Q217. Bearing in mind their close proximity, these sites should all 

have been exposed to similar amounts of glacial outwash from the South 

Island. Seismic profiles (L. Carter, pers. commun., 1987) confirm the 

exceptional sediment thickness at Site 594. In the case of Q217 its 

position close to the Bounty Channel makes it likely that sediment 

transport, as opposed to levee deposition, prevailed. In addition, 

wave current erosion of the Chatham Rise during periods of lower sea 

levels may have contributed to the sediment budget at Site 594, 

resulting in disparate sedimentation 

(L. Carter, pers. commun., 1987). 

5.1.2 Stratigraphic Comparisons 

rates -between the sites 

In order to show the world-wide nature of climatic changes 

reflected in the 8 18 0 record of the region of study, and to identify 

events unique to this region, it is necessary to correlate the 8 18 0 

record of sites analysed in this thesis with records obtained from 

elsewhere in the world. Attention is focused in this section on the 

planktonic 8 18 0 records of Cores 594 and 593, in order to obtain a 

detailed 8 18 0 stratigraphy of climatic changes determined from 

sediments to the east (Southwest Pacific Ocean) and to the-west 

(Tasman Sea) of New Zealand. 
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594 Particular attention is paid to the record of Site 594 because of 

its exceptionally high resolution nature. Compared to other cores in 

this study it is obvious that 594 contains the most detailed record of 

stages 6 to 1. This is largely due to the high sedimentation rate at 

Site 594, which has minimised intersample mixing and permitted a 

sampling interval of only 10cm. This has resulted in a reduction of 

both the smoothing of the isotopic signature caused by bioturbation 

(Shackleton and Opdyke, 1976) and the missing of short-term events as 

is commonly the case for low sedimentation rate sites. 

The short-term fluctuations (of ~0.7°/00 ) in the 594 curve are 

thus not unexpected, even though they are not seen in the 502 (Prell, 

1982) or V28-238 (Shackleton and Opdyke, 1973) records. A comparison 

of 594 to V19-30 (Shackleton et al., 1983) is presented in Figures 

5.2b and c, since the latter shows similar short-term fluctuations. 

V19-30 has a lower sedimentation rate than 594 (stages 6 to 1 being 

represented by ~9m of core, compared to ~20m at 594), but was sampled 

at closer intervals (~3cm), thereby retaining some of the fine detail, 

although the highs and lows are not nearly as evident in V19-30 as 

they are in 594. A marked similarity in the range of glacial to 

interglacial benthic 8 180 values may be seen between Ml2 392, V19-30 

and 594 (Figure 5.2). 

The general shape of the 594 planktonic 8 180 record for stage 5 is 

very similar to that seen in the SPECMAP stacked record, with the 

peaks of Sa and Sc being less intense than Se (Figure 5.19). It is 

noticeable, however, that the benthic Sa,c and e peaks in 594 are all 

of comparable size, and an explanation for this is offered in Section 

5.1.6. 

Compared to 594, the other sites analysed off the east coast of 

New Zealand contain a far less detailed isotopic record. The details 
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of the fine structure preserved in 594 are thus of great interest. For 

this reason an attempt has been made to label substage isotopic events 

using the method of Prell (1983) as outlined in Pisias et al. (1984). 

The numerical i~otopic taxonomy follows that of Prell: The integer 

part of the number represents the isotopic stage in which the event 

occurred; the first digit to the right gives the substage event number 

identified in Prell's study of low sedimentation rate cores; and the 

second digit to the right marks substage events identified in the 

later study of high sedimentation rate cores (Pisias et al., 1984). 

Even numbers represent relatively enriched periods, and odd numbers 

relatively depleted periods. Pisias et al. (1984) used benthic 6 180 

results from Vl9-29 (Figure 5.25) as their standard, because of the 

core's length and detail. 594 contains greater detail than Vl9-29 and 

thus lends itself well to this technique. The benthic 6 180 plot for 

594 is presented in Figure 5.26, with the isotopic events numbered. 

A "taxonomy" of the substage boundaries identified in 594, using 

the nomenclature developed by Pisias et al. (1984), follows. Events 

marked with an (a) are those originally identified by Prell (1983), 

those with (b) were subsequently identified by Pisias et al. (1984) in 

Vl9-29, while events marked (c) are those identified in the high 

resolution record of 594. In some cases these were events which were 

identified by Pisias et al., but for wh~ch a different position within 

the stage is suggested, due to the greater number of peaks in the 594 

isotopic stratigraphy, or for which a renumbering is suggested 

consistent with the 594 record. In other cases they are additional 

events not seen in the V19-29 record. For reasons which will become 

-
apparent, and discussed later in this section, two versions of an 

isotopic taxonomy for 594 are suggested. 
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Isotopic Taxonomy of 594 (#1) 

1.0l(b) 

1.l(a) 

2.0(a) 

2.0l(b) 

2.2(a) 

0.00-0.40m Youngest negative peak. 

0.75-0.85m Most negative peak in stage 1. 

l.20-1~30m 1/2 stage boundary. 

1.41-l.49m Minor peak mid-way up termination I. 

l.85-1.95m Most positive valley in stage 2, close to base of 

termination I. 

2.3(b,c) 2.15-2.25m Youngest of four peaks in 594 stage 2, this was 

identified by Prell et al. (1983) as 2.21, 

however the stage 2 record of 594 has far more 

marked peaks and valleys than V19-29, and the 

classification of all of stage 2 as part of the 

2.2 valley does not seem justified for the 594 

record. 

2.S(b,c) 3.05-3.50m Described by Pisias et al. (1984) as lying near 

the 2/3 boundary (and identified as 2.23), but 

because of the increased number of peaks in 594 

stage 2 this is here described as the second 

youngest peak, about mid-way through the stage, 

and of a comparable magnitude to 2.3. 

2.7(c) 

2.9(c) 

3.0(a) 

3.0l(b) 

3.03(c) 

3.65-3.95m The second oldest of the four peaks in the 594 

4.15-5.15m 

stage 2 record. 

A broad peak that could possibly be further 

subdivided. The oldest and most negative of those 

in stage 2. 

5.40-5.50m 2/3 stage boundary. 

5.45-5.55m A minor peak very close to event 3.0. 

A second minor peak identified in 594. A very 5.65-5.BOm 

small peak lying between 3.01 and 3.1 was evident 
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3.l(b) 

3.13(b) 

3.3(b) 

in V19-29, but Pisias et al. did not label it. 

However, in 594 it is of greater magnitude and is 

identified. 

5.9 □ -6-.25m The third minor peak in stage 3, of comparable 

magnitude to 3.03, but more negative than 3.01. 

6.52-6.65m The fourth minor peak of stage 3, little 

different in magnitude to 3.1 and 3.03. 

7.00-7.40m The most negative and most clearly defined of all 

the stage 3 peaks. 

3.3l(b,c)7.85-7.95m Suggested in 594 to be the second oldest of the 

stage 3 peaks. 

3.5(b,c) 8.05-8.15m Identified as 3.31 

of the stage 3 

transition. 

by Pisias et al., the oldest 

peaks, lying on the 3/4 

4.0(a) 

4.2(a) 

8.10-8.20m 3/4 stage boundary. 

8.35-10.35m Described by Prell (1983) as the complete stage 4 

in low resolution cores. Hence, all valleys 

identifiable within stage 4 are subdivisions of 

4.2. The 594 record has more valleys in stage 4 

than V19-29, and so the descriptions of 4.22 and 

4.24 by Pisias et al. are not appropriate for 

594. 

4.22(b) 8.35-8.45m Youngest of the four valleys located within stage 

4, occurring at the base of the 3/4 stage 

boundary. 

4.24(b,c)9.05-9.15m Slightly more negative than 4.22, located in 594 

mid-way through the stage. 

4.26(c) 9.55-9.85m Of equal magnitude to 4.24, the second oldest of 

the valleys in stage 4. 

174 



4.28(c) 10.25-10.35m The oldest and most negative of the valleys, 

lying close to event 5.0. 

5.0(a) 10.35-10.B0m 4/5 stage boundary. 

5.0l(b) 10.35-10.45m The youngest of three minor peaks on the 

transition between stages 4 and 5. 

5.03(c) 10.55-10.85m The middle of the transition peaks. 

5.05(c) 10.95-ll.05m The most negative, and oldest, of the peaks on 

the 4/5 transition. 

5.l(a) ll.75-12.35m Youngest major peak in stage 5 (equivalent to 

substage 5a). 

5.ll(c) 11.75-ll.95m Younger and most negative peak of the two which 

comprise 5.1. 

5.13(c) 12.05-12.35m Older peak of 5.1. 

5.2(a) 12.65-13.25m Valley separating 5.1 and 5.3. 

5.22(c) 12.65-12.85m Younger of the two valleys comprising 5.2, of 

equal magnitude to 5.24. 

5.24(c) 12.95-13.05m Second of the valleys comprising 5.2, which is 

the most positive substage of stage 5. 

5.3(a) 13.30-14.25m Central major peak in stage 5. In 594 it is the 

most negative, comparable to substage 5c, and may 

clearly be divided into two peaks. 

5.3l(b) 13.30-13.45m Younger peak of two in 5.3, more negative than 

the older peak. 

5.33(b) 13.95-14.25m Older minor peak of 5.3, separated from 5.31 by a 

valley of ~1°/00 magnitude. 

5.4(a) 14.45-15.55m Major valley between 5.3 and 5.5. 

5.42(b) 14.45-14.65m Younger of the two major valleys of 5.4. 

5.44(b) 14.83-15.l0m Older valley slightly more negative than 5.42 in 

594. 
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5.46(b) 15.45-15.55m Minor valley of short duration, midway between 

events 5.4 and 5.5. 

5.5(a) 15.55-16.35m The oldest major peak of stage 5 (equivalent to 

substage 5e). Composed of two minor peaks in high 

resolution cores. 

5.Sl(b) 15.55-15.65m Younger minor peak of 5.5, more negative of the 

two present. 

5.53(b) 15.75-16.00m Possibly not the same 5.53 as that identified by 

Pisias et al. as it is less negative than 5.51. 

* 

It is possible that a third peak, 5.55 

(equivalent to Pisias et al. 's description of 

5.53), has been lost due to the lack of benthics 

over this section. 

16.45-16.75m Probably represented by Pisias et al. as event 

6.01, but since stage boundaries here were drawn 

in conjunction with the planktonic 8180 results 

it is assigned to stage 5 in 594. 

6.0(a) 16.85-17.15m 5/6 stage boundary. 

6.2(a) 17.25-17.50m Youngest of the valleys in stage 6, located at 

the start of the 5/6 transition. 

6.3(a) 18.35-18.55m Considerable peak in 594, approximately 1% 

lighter than the .. surrounding valleys (6.2 and 

6.4). 

6.4(a) 19.20-19.75m Most positive valley in stage 6. 

6.4l(b) 19.85-19.95m Middle peak located on the transition between 6.4 

and 6.5. 

6.42(b) 20.25-20.35m Minor valley separating 6.41 and 6.5, ~1°/00 

deep. 
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6.S(a) 20.45m-? Probably the end of the oldest major peak in 

stage 6. Although no samples were analysed beyond 

this depth, the longer, lower resolution 594 

record (Cuthbertson, 1985) supports this 

interpretation. 

Following Pisias et al. 's (1984) precise description of Vl9-29, 

and a similar description of stacked records, Martinson et al. (1987) 

used the concept of "orbital tuning" to derive a high resolution 

chronostratigraphy for the numbered events. The age plot produced by 

Martinson et al. (1987), for the stacked 8 180 records of Pisias et al. 

(1984) is shown in Figure 5.27. 

This has been used to plot the 594 results on an appropriate time 

scale (Figure 5.28). Age estimates are those given by Martinson et al. 

(1987) for features described by Pisias et al. (1984), where their 

description is appropriate to the 594 record. For events whose 

position in 594 differs from the description of Pisias et al. no age 

constraint is given. Age estimates used to produce Figure 5.28 are 

shown in Table 5.12. 
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Table 5.12. Dates and depths of events numbered in Figure 5.26. 

Event Sub-bottom Depth(m) Age(ky) 

1.1 0.81 2.32 

2.0 l. 31 12.05 

2.2 l. 91 17 .85 

2.3 2.21 19.22 

3.0 5.45 24.11 

3.1 6.09 25.42 

3.13 6.59 43.88 

3.3 7.21 50.21 

3.5 8.10 55.45 

4.0 8.15 58.96 

4.22 8.40 64.09 

5.0 10.50 73.91 

5.12 3 12.01 79.25 

5.24b 12.99 90.95 

5.31 13.40 96.21 

5.3 13.68 99.38 

5.33 13.99 103.29 

5.43c 14.72 110.79 

5.51 15.61 122.56 

5.52d 15.72 123.82 

5.53 15.83 125.19 

6.0 16.90 129.84 

6.2 17.30 135.10 

6.3 18.51 142.28 

6.4 19.50 152.58 

6.41 19.90 161. 34 

6.42 20.30 165.35 

acentre of 5.1 ccentre of 5.4 

bCentre of 5.2 dCentre of 5.5 

The assignment of the 1.1 peak at 0.81m does present difficulties 

as the age of 2.32ky is incompatible with the radiocarbon date of 

6.Bky for 0.3m sub-bottom depth in 594. The error of the date in Table 
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5.12 (of :2.lky) cannot alone account for this. If the radiocarbon 

date of 6.8ky is correct, then there must be missing peaks at the top 

of 594, and more peaks earlier in stage 1 than are seen elsewhere. 

In addition to this problem, it is evident in Figure 5.28 that the 

assigned position of the 2/3 stage boundary therein results in 

significant compression of stage 2. The uncertainty of the position of 

the 2/3 stage boundary (see Section 5.1.1) makes it advisable to 

present a second possible isotopic "taxonomy". In version #1 the 2/3 

stage boundary was assumed to be at 5.45m, which is compatible with 

the carbonate data, but which is by no means definite. An alternative 

position for the 2/3 stage boundary at 3.65m (which is a more 

reasonable position for it in terms of the 3180 record) results in a 

somewhat different description of the peaks in stages 2 and 3. For 

this reason a second isotopic taxonomy follows. The peaks numbered in 

version #2 are shown in Figure 5.29. 

Isotopic Taxonomy of 594 (#2) 

l.Ol(b) 0.00-0.40m Youngest negative peak. 

l.l(a) 0.75-0.85m Most negative peak in stage 1. 

2.0(a) 1.20-1.30m 1/2 stage boundary. 

2.0l(b) 1.41-l.49m Minor peak mid-way up termination I. 

2.2(a) 1. 85-1. 95m Most positive and youngest of the stage 2 

valleys. 

2.3(b,c) 2.15-2.25m Younger of two peaks in stage 2, identified by 

Pisias et al. (1984) as 2.21. 

2.4(c) 2.95-3.15m Middle one of three valleys n stage 2. 

k f t g 2 (identified by Pisias et 2.5(b,c) 3.05-3.50m Older pea o s a e 

2.6(c) 

3.0(a) 

al. (1984) as 2.23). 

3.55-3.65m Oldest valley of stage 2. 

3.65-3.70m 2/3 stage boundary. 
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3.0l(b) 3.65-3.75m Minor peak of ~0.15°/ 00 magnitude, located right 

on the 2/3 transition. 

3.l(b) 

3.2(c) 

3.3(c) 

3.5(c) 

3.85-3.95m Youngest and least negative of the stage 3 peaks. 

3.95-4:05m Most positive valley in stage 3. 

4.05-5.25m A very broad peak, incorporating the most 

negative values of stage, that could probably be 

sub-divided into 3.31, 3.33, 3.35, and 3.37 (as 

shown in Figure 5.29). 

5.45-6.65m The first of the broad peaks in stage 3, sub­

divided(in Figure 5.29) into 3.51, 3.53, and 

3.55. 

3.7(b,c) 7.00-7.95m The oldest and most negative of the stage 3 peaks 

(identified by Pisias et al. (1984) as 3.3(?)). 

3.71(c) 7.15-7.35m The more negative and younger of the two peaks 

comprising 3.7. 

3.73(c) 7.85-7.95m First minor peak of 3.7. 

3.9(b,c) 8.05-8.lSm A minor peak located right on the 3/4 stage 

boundary (identified by Pisias et al. (1984) as 

3.31). 

4.0(a) 

4.0->6.5 

8.10-8.20m 3/4 stage boundary. 

The isotopic taxonomy for the rest of 594 (over 

stages 4, 5 and 6), with the 2/3 stage boundary 

located at 3.65m, is identical to that proposed 

in version #1, with a 2/3 stage boundary at 

5.45m. 

A second plot of 594 benthic 8 180 results, versus time, was drawn 

for version #2 of the isotopic taxonomy (Figure 5.30). Age estimates 

(from Martinson et al., 1987) used to compose Figure 5.30 are listed 
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in Table 5.13. An identical approach to that used in estimation of 

ages for Table 5.12 was used (i.e., the ages are those given by 

Martinson et al. (1987) for features described by Pisias et al.(1984) 

where they are identifiable in the 594 record - even though they may 

have been renumbered). 
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Table 5.13. Dates and depths of events numbered in Figure 5.29. 

Event Sub-bottom Depth(m) Age(ky) 

1.1 0.81 2.32 

2.0 1. 31 12.05 

2.2 1.91 17.85 

2.3 2.21 19.22 

3.0 3.65 24.11 

3.1 3. 71 25.42 

3.7 7.21 50.21 

3.9 7.89 55.45 

4.0 8.15 58.96 

4.22 8.40 64.09 

5.0 10.50 73.91 

5.12a 12.01 79.25 

5.24b 12.99 90.95 

5.31 13.40 96.21 

5.3 13.68 99.38 

5.33 13.99 103.29 

5.43c 14. 72 110.79 

5.51 15.61 122.56 

5.52d 15. 72 123.82 

5.53 15.83 125.19 

6.0 16.90 129.84 

6.1 17.30 135 .10 

6.3 18.51 142.28 

6 .4 19.50 152.58 

6.41 19.90 161.34 

6.42 20.30 165.35 

acentre of 5.1 ccentre of 5.4 

bCentre of 5.2 dCentre of 5.5 

This second isotopic taxonomy appears to give a much 1nore 

convincing plot of 6180 versus time, without the extreme compression 

of stage 2, and the spreading out of stage 3. The problem of the 
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anomalous radiocarbon date 1n stage 1 still remains however, and needs 

verification. 

The sedimentation rates of stages 2 and 3 for Core 594 (for 

version #2) ar~ 20.0 and 12.9cm/ky respectively. 

593 A detailed isotope taxonomy did not seem to be a suitable approach 

to 593, as it lacks the fine structure of the 594 record. However, a 

considerably greater length of core material has been studied at this 

site. 43m of core were sampled from Site 593, well before the 

Brunhes/Matuyama boundary at 16m, and stages 24 to 1 are resolvable 

(Figure 5.12). Below stage 24 (at about 20m) the record shows low 

variability, also noted in the lower resolution analysis of 593 by 

Nelson et al. (1986). This is consistent with Prell (1982) who noted 

two modes of Quaternary 0 180 variations, with the increased intensity 

occurring since the beginning of the Jaramillo Subchron and related to 

the growth of significant amounts of sea ice in the Arctic Ocean 

(Williams et al., 1981). (Similarly, two modes of variation may be 

observed in the low resolution Site 592 record in which there is 

considerably less variation below llm sub-bottom depth (Figure 5.21). 

The decreased intensity of the peaks beyond stage 24 makes further 

assignment of the stages more difficult. However, the magnetic 

polarity stratigraphy (Kennett et al., 1986) indicates that the top 

43m of Core 593 should represent ~2my,· and Williams et al. (1988) have 

succeeded in assigning stage numbers back to stage 63 at ~1.8my 

(discussed in Section 1.5, see Figure 1.4). An attempt has been made 

to number the lower variability planktonic 0 180 record of 593 beyond 

stage 24 in a similar fashion (Figure 5.31). 

The shape of the peaks, and their relative intensities in the 593 

record, are similar 
to those of the composite record presented by 
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Williams et al. (1988) (see Figure 1.4) back to stage 56. Beyond this 

point, however, differentiation of the peaks is virtually impossible. 

Gaps in the benthic record mean that it is of little assistance over 

this time period, and no further resolution of the peaks beyond stage 

56 seems possible with the available data. 

5.1.3 The Holocene 

Before the isotope results may be used to make assumptions on the 

nature of past oceanographic events, it must be shown that the 

Holocene 6180 values are a reasonable reflection of present day 

conditions. For this reason, a comparison is made in Table 5.14 of 

temperatures measured in bottom waters and at 200m below the sea 

surface (from Ridgway et al., 1979; see Figures 2.4 and 2.9) with 

isotope-derived temperatures from benthics and planktonics for all 

sites where data are available. 

The isotopic temperatures have been calculated using the following 

equation (Murphy and Kennett, 1986): 

where 6c = isotopic composition of carbonate, taken from the mean of 

the identifiable Holocene values, 

and Ow= isotopic composition of water. 

The isotopic composition of sea water is taken to be 

0 0°/ H consideration of differences in salinity ~ • oo<SMOW>· owever, some 

must be taken into account. As sea water is evaporated it becomes 

enriched in 180 and increases in salinity, with the relationship being 

o180=0.5(salinity-35°/oo) 0 /oo 
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Table 5.14. A canparison of rrodem measured terrperatures with isotopically derived Holocene temperatures, taking into account 

differences in salinity between the sites. 

West of New Zealand Benthic Plank.tonic 

Core Depth Water Bottom T Salinity Est.6 1 80 Benthic Derived T 200m T Salinity Est 61 80 Plank.tonic Derived T 
(rn) body (OC) (O/oo) (sea) 61 80 (~) (Oc) (O/oo) (sea) 6180 (OC) 

588 1533 DW 2.3 34.7 -0.15 - - 23.o* 35.4 0.20 -0.7 20.9 

589 1391 DW 2.2 34.7 -0.15 - - 16.5 35.4 0.20 0.1a 17. 3 

590 1299 DW 2.2 34.7 -0.15 4.0 0.5 16.5 35.4 0.20 0.0 17. 7 

591A 2131 DW 1.8 34.7 -0.15 3.9 0.8 16.5 35.4 0.20 0.0 17.7 

Z2108 1448 DW 3.5 34.7 -0.15 2.7 5.2 14.0 35.2 0.10 -0.6 20.0 

592 1098 AIW 2.4 34.45 -0.28 3.2 2.8 13.5 35.2 0.10 0.7 14.2 

593 1068 AIW 3.5 34.6 -0.20 3.1 3.5 12.0 35.2 0.05 0.9 13.1 

Fast of New Zealand 

594 1204 DW 3.5 ·34_7 -0.15 3.4 2.6 7.5 34.5 -0.25 1. 7 8.7 

Q200 1370 DW 3.0 34.7 -0.15 3.2 3.3 7.5 34.4 -0.30 1. 7 8.5 

Q580 3964 DW 1.5 34.7 -0.15 3.5 2.2 7.0 34.3 -0.35 2.0 7.2 

Q217 1936 DW 2.5 34.7 -0.15 3.3 2.9 7.5 34.4 -0.20 2.2 7.0 

Q585 4354 DW 1.0 34.7 - - 6.0 34.3 -0.35 2.4 5.7 
-
~terglacial rrean used (Holocene missing). 
* SUrface temperature at 588 = 25°c. 

DW = Deep Water. 
AIW = Antarctic Intenredi.ate Water. 
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(discussed in 1.10) (Craig and Gordon, 1965). The same relationship 

holds where sea water is diluted by continental runoff. The salinity 

undergoes major changes between the Circumpolar waters (low salinity) 

and the North Tasman (high salinity) (Figures 2.7 and 2.8). Moreover, 

at higher latitudes the warm surface waters become increasingly 

thinner so that definition of the planktonic foraminiferal habitat 

becomes less precise. To further complicate the problem, seasonal 

temperature changes occur, and the planktonic foraminiferal depth 

range is uncertain. Estimates of the temperatures and salinities at 

200m depth were derived from NZOI charts (Ridgway, 1979). 200m is 

slightly deeper than the expected depth habitat of ~l00m for 

G.bulloides (Be, 1977), but extensive information was available from 

the NZOI on 200m temperatures and isohalines, and where information 

was available for 100m there was very little difference. In any case, 

continued skeletal deposition below the photic zone (Erez and Honjo, 

1981) means that the isotopic composition of planktonic foraminifera 

may most realistically be interpreted as representing an integrated 

isotopic ratio over a few hundred metres of the sea-water column. At 

Site 588 both surface and 200m temperatures are given as the 

planktonic species used was G.ruber, which lives in the top 50m of the 

sea water column (closer to the surface than G.bulloides). 

The salinity of bottom waters also changes due to the composition 

of the surface waters at their source, having been subjected to 

differing compositions of continental run-off (dependent on the nature 

of the landmass from which they were derived) and different modes of 

deep water formation. Thus the Antarctic Intermediate Waters (AIW) 

h · f 34 45°/ (Ridgway, 1979) and the Deep Waters ave a salinity o ~ • oo 

~34.7°/00 (Brodie, 1965). 
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It may be seen from Table 5.14 that isotopic temperatures can be 

calculated (using Murphy and Kennett's (1986) equation, and correcting 

for salinity differences from 35°/00 ) that are in good agreement with 

the modern measured temperatures. (For sites without an identifiable 

Holocene a mean stage 5 interglacial value was used). The only site 

which yielded a significant discrepancy was 22108, where both benthic 

and planktonic values are too warm (by ~2°C and ~6°C respectively). 

The 0 180 values for 22108 are noticeably offset from those of other 

cores in the vicinity, yet the o13C values are comparable. Hence the 

offset in values cannot be explained in terms of fractionation. The 

presence of a water mass depleted in 180 or warmer than indicated by 

Ridgway, would be required. It appears that the absolute 0 18 0 values 

for 22108 are suspect, and it may be significant that 22108 was cored 

12-15 years earlier than all of the other sites studied. The core 

itself was very crumbly and dessicated in nature, and one may 

speculate on the possibility of 

oxygen during storage. (This would 

isotopic exchange with atmospheric 

be consistent with the o13C still 

being comparable in value to those of other cores in the region). 

Diagrammatic summaries of the derived surface and bottom water 

temperatures are presented in Figures 5.32 and 5.33. 

Since it has been shown that the 0 180 record gives sensible 

estimates of modern conditions, .changes between extreme glacial and 

interglacial conditions may now be investigated. 

5.1.4 Comparison Between Last Glacial 0 180 with Holocene 0 180 Values 

The Benthic 0 180 Record 

Changes in the benthic foraminiferal 0 180 values reflect the 

cyclically changing composition of ocean water in response to the 

removal and addition of ~130m of water from the ocean masses between 
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Table 5.15. A canparison of Holocene 8180 values, with glacial 8180 values for each of the sites studied. 

Holocene and Glacial Extremes 

West of New Zealand East of New Zealand 
Core Holocene a Glaciala Difference Core Holocenea Glaciala Difference 

Benthics Benthics Benthics Benthics 

590 4.0 5.3 1.3 594 3.4 5.1 1. 7 
591A 3q A.. 8 0 :1 Q200 3.2 4.7 1.5 
Z2108 2.7 3.9 1.4 Q580 3.5 4.9 1.4 

592 3.2 4.5 1.3 Q217 3.5 4.9 1. 6 

593 3.1 4.1 1.0 

Core Holocene a Glaciala Difference Core Holocenea Glacial Difference 
Plank.tonics P.lanktonics Plank.tonics Plank.tonics 

588 -0.7 o.s 1.2 594 1.7 3.6 1. 9 

590 0.0 1.5 1.5 Q200 1.7 3.3 1.6 

591A 0.0 1.4 1.4 Q580 2.0 3.5 1.5 
Z2108 -0.6 0.6 1.2 Q217 2.2 3.7 1.5 

592 0.7 1.9 1.2 Q585 2.4 3.8 1. 4 
593 0.9 2.1 1.2 

¾an 61 8 0 c0 /oo) 



glacial and interglacial periods (Emiliani, 1970), as well as changes 

in the temperature of Deep Waters. The average change in 8 18 0 values 

between the Last Glacial and the Holocene is summarised for each of 

the cores studied in Table 5.15. The mean change is 1.4°/00 , and 

ranges from 1.9°/00 at Site 594 to 1.0°/00 at Site 593. 

The sites may be divided into two groups: Sites 590, 591A, 22108, 

592 and 593 to the west of New Zealand all show a 8 18 0 change of 

~1.3°/ 00 • This is only slightly greater than the 1.1°/00 increase in 

the mean 8 18 0 of ocean water (Chappell and Shackleton, 1986; Labeyrie 

et al., 1987) and would indicate a cooling of ~0.8°C (~T:4.2°C/1°/00 ; 

Hecht, 1985) in the Deep Waters of the Tasman Sea. This is 1.2°C less 

than the average cooling by ~2°C of oceanic Deep Waters (Labeyrie et 

al., 1987). Because all of these cores are located in the Tasman 

Basin, or on its flanks, it is likely that this basin became more 

isolated during the last glacial from the northerly flow which 

currently takes Deep Waters from the Circumpolar Current into the 

Pacific, allowing a localised cell of bottom waters of higher 

temperatures to develop. 

To the east of New Zealand, Sites 594, Q200, Q580 and Q217 display 

a mean glacial to Holocene change of ~1.6°/00 (=> a temperature drop 

of ~l.7°C), with values very similar to those of Cores MD73-025 and 

MD84-527 (Labeyrie et al., 1987) fro~ the south Indian Ocean. It 

appears that the waters to the east of New Zealand behaved in concert 

with other Southern Ocean sites. 

The Planktonic 8 180 Record 

The differences in planktonic Holocene and glacial values are very 

similar to the trends seen in the benthic signal, with Sites 588-593 

to the west of New Zealand displaying a mean planktonic 8 180 change of 
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Table 5.16. A canparison of the glacial to interglacial extrerres recorded at each of the sites. 
West of New Zealand East of New Zealand· 

Core I.G. a Glaciala Difference Core I.G. a Glaciala Difference 
Benthics Benthics Benthics Benthics 

588 3.6 5.1 1.5 594 3.3 5.1 1.8 
589 2.2 4.0 1.8 Q200 3.2* 4.7 1.5 
590 3.8 5.3 .1.5 Q580 3.5 4.9 1. 4 
5~HA 3.9 5.2 1.3 Q217 3.3* 4.9 1.6 
Z2108 2.4 3.9 1.5 Q585 3.5 5.0 1.5 
592 3.1 4.5 1.4 
593 2.7 4.1 1.4 
Core a Glaciala Difference Core a Glaciala Difference I.G. I.G. 

Planktonics Planktonics Plank.tonics Plank.tonics 
586 -2.1 -1.3 0.8 594 1.3 3.6 2.3 
58~ -0.5 0 . .5 1.0 Q200 1. 7* 3.3 1.6 
589 0.1 1.2 1.1 Q580 2.0* 3.5 1.5 
590 0.3 1.2 1.1 Q217 2.2 * 3.7 1.5 
591A -0.1 1.4 1.5 Q585 2.5 3.8 1. 3 
Z2108 -0.9 0.6 1.5 

592 0.2 1.9 1.7 

593 -0.5 2.1 2.6 
I.G. = Interglacial 
a Mean 61 so (o /oo) 

b Globigerina ruber 
* Holocene rrean, not interglacial 

... 
co ..... 



~1.3°/ 00 , compared to a 1.6°/ 00 difference to the east of New Zealand 

(Table 5.15). The southernmost of the western sites (593) has a mean 

glacial value of 2.1°/0 0 , considerably lighter than the mean glacial 

value of ~3.6°/ 00 for sites to the east of New Zealand. This suggests 

that cool Subantarctic surface currents did not predominate as far 

north as Site 593, although it is the coolest of the western sites and 

must have been exposed to some Subantarctic influence. Warmer 

Subtropical Surface Waters appear to have been dominant to the west of 

New Zealand in the Tasman Sea, even during glacial periods, suggesting 

generally similar surface circulation patterns to the present day 

(Figure 2.11). 

5.1.5 Glacial to Interglacial Extremes 

Table 5.16 shows the mean glacial and interglacial extremes of the 

8180 record for each site. In most cases there is little difference 

from the Holocene to glacial comparison discussed previously, although 

four sites (589, 592, 593 and 594) stand out as anomalous. 

Site 589 displays considerable non-synchronous fluctuations in the 

benthic and planktonic 8 180 records, well beyond the Brunhes/Matuyama 

boundary, which indicates a somewhat suspect palaeoclimatic record. 

At Site 594, if the mean interglacial planktonic value is derived 

from stages 1 and Se, then the differ~nce of 2.3°/ 0 0 is more extreme 

than that occurring at other sites to the east of New Zealand. 

However, since 594 has the highest sedimentation rate of all the sites 

studied it is most likely that the true extreme values have been 

modified in the other eastern sites. 

Site 593 has mean planktonic interglacial values of -0.5°/oo· This 

is much lighter than the mean Holocene value of 0.9°/oo· It does not 

seem likely that the Holocene is partially lost in 593, as the benthic 
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Table 5.17. Benthic 8180 values for stages 1 to 6 at each of the sites studied, with isotopically derived 

bottom water temperatures for stage 1 and 5 (in brackets). 

West of New Zealand East of New Zealand 
Stage Number 588 590 591A Z2108 592 593 Q858 594 Q200 Q580 Q217 Q585 

1 - 4.0 3.9 2.7 3.2 3.1 3.4 3.4 3.0 3.4 3.4 
(0.5) (0. 8) (5. 2) (2. 8) (3.5) (2.6) (3. 3) (2. 2) (2. 9) 

2 4.7 5.2 4.8 3.8 4.2 4.3 5.0 5.0 4.4 4.9 5.0 
3 - 4.4 - 3.0 3.1 3.6 - 4.3 3.7 - 4.4 
4 - 4.6 - 3.4 4.4 4.3 - 4.7 
5 3.7 3.7 3.8 1.9 3.1 2.8 - 3.0 - - 3.1 3.2 

(1. 5) (1. 2) ( 8. 3) (3. 2) (4.6) (4.1) (3.7) (3. 3) 
6 - 5.3 5.2 3.8 4.0 4.0 - 4.7 

Table 5 .18. Plank.tonic 8 180 values for stages 1 to 6 at each of the sites studies, with isotopicall y derived 

surface water temperatures for stage 1 and stage 5 (in brackets). 

• West of New Zealand East of New Zealand 

Stage Number 586 588 590 591A Z2108 592 593 594 Q200 Q580 Q217 Q585 

1 -2.6 -0.7 0.0 0.0 -0.6 0.7 0.9 1.6 1. 7 2.0 2.2 2.4 
(20.9) (17.7) (17.7) ( 20. 0) (14.2) (13.1) ( 8. 7) ( 8. 5) (7. 2) (7. 0) (5. 7) 

2 - - 1.0 1.0 - 1.9 2.2 3.3 3.3 3.5 3.6 
3 - - 0.6 0.4 - 0.7 1.0 2.8 2.6 - 3.0 
4 - - 0.8 1.2 - 0.1 1.8 3.4 - - 3.8 
5 -2.5 - 0.5 -0.1 -1.2 0.1 -0.5 1.2 - - 2.6 2.5 

(15.8) (18.2) (22. 7) (16.9) (19.3) (10. 8) (5.6) (5. 2) 
6 -0.8 0.5 1.6 0.7 1.4 0.7 2.2 3.4 



foraminiferal value is comparable to the other interglacial extremes 

in the core. In addition, the modern planktonic value f Q 9°/ • o . 00 gives 

a reasonable estimation of modern water temperature (Section 5.1.3). 

It is possible therefore that during past interglacial periods Site 

593 has been exposed to far warmer surface currents than it is 

experiencing at present. An interglacial strengthening of the part of 

the East Australian Current that flows south to Tasmania before 

flowing east across the Tasman Sea could expose Site 593 to warmer 

surface currents and could account for the warmer temperatures. 

Site 592 likewise displays heavier Holocene values (by 0.5°/00 ) 

compared to other interglacials. As reasonable modern isotopic 

temperatures can be derived from the planktonic Holocene 8 180 values, 

and the benthic Holocene 8 180 values are comparable to other 

interglacial extremes, it would appear that the Holocene record is 

complete and has not been lost. Consequently it may be concluded that 

Site 592 is also presently exposed to cooler currents than has been 

the case during the previous interglacial. Thus it appears that the 

East Australian Current has taken a more northerly route during the 

Holocene than in most previous interglacials. This is likely to have 

had a significant effect on the Holocene climate of New Zealand, with 

cooler current influences in the Tasman Sea resulting in lower on-land 

temperatures, compared to previous interglacials. 

5.1.6 The Last Interglacial (Stage Se) 

In the SPECMAP stack record (Figure 5.la) isotope stage 5 has two 

lesser peaks (Sa and Sc) that are heavier than the Holocene peak, and 
-

one peak (Se) that is of comparable magnitude. This pattern is clearly 

seen in the planktonic record of 594 (Figuree 5.lb), where the high 

sedimentation rate has ensured a complete record. The cooler periods 
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of stage 5 (band d) appear to be much more intense in the 594 record 

than in the SPECMAP stack. The position of 594 immediately south of 

the Subtropical Convergence could account for the greater sensitivity 

of the substage fluctuations. 

In the benthic record of 594 (Figure 5.lc) Sa, c and e are all of 

approximately equal magnitude, whereas the SPECMAP stack (Figure 5.la) 

shows Se as the lightest. This may be indicative of incursions of 

Antarctic glacial meltwater during the substage warming of Sa,c and e, 

(as it is relatively small in volume,it is possible that it has sunk 

before reaching Site 594 (Section 5.1.7)) rather than Northern 

Hemisphere meltwater. The proximity of Site 594 to the Antarctic may 

result in meltwater spikes that are transferred more rapidly, and with 

less mixing of the isotopically light water, so that no 

differentiation is seen in the intensity of periods of warming. 

The fine structure of the benthic record of 594 has been described 

in Section 5.1.2. The stage Se benthic isotopic record is incomplete 

due to a lack of suitable foraminifera for analysis. Consequently some 

doubt exists as to the precise structure of Se. The planktonic record 

(Figure 5.lb) reveals two major peaks, one of which (the younger) 

could be further sub-divided into two minor peaks. The shape of the 

younger peaks is similar in the benthic record, and it is likely that 

the older major peak has been missed. There is no suggestion of three 

peaks in other stage Se records, but it is likely that the greater 

sub-stage sensitivity of 594, because of its location and high 

sedimentation rate, has allowed the fine detail of events within Se to 

be determined, with two cooler episodes rather than only one, as is 
-

usually seen (e.g., compare to the record of V19-29, Figure 5.25). 

Comparisons between the relative interglacial intensities of stage 

5 and the Holocene are difficult at the other sites studied, as it is 
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uncertain whether or not all of the Holocene is present, and whether 

the extremes of stage 5 have been resolved. 

A summary of the benthic and planktonic 6 18 0 values for stages 6 

to 1 is presented in Tables 5.17 and 5.18 and Figures 5.34 and 5.35. 

The numbers in brackets are derived palaeotemperatures for stage 1 and 

5(e, where identifiable), assuming the sea levels of Se were 

comparable to those of today (Shackleton, 1987), and the composition 

of the sea water similar (see Figure 1.2b). 

5.1.7 Synchroneity of the Benthic and Planktonic 6180 Records of 594 

The 6180 record of the glacial/interglacial transitions of 5/6 and 

1/2 are noticeably more saw-toothed in appearance in the planktonic, 

compared to the benthic, record of 594, as the planktonics appear to 

have more quickly reflected ice sheet fluctuations. The deglacial 8180 

signal is partly composed of ice sheet meltback and partly of a change 

in temperature. The meltwaters can only be transferred by NADW 

circulation, but the temperature change could be rapidly transferred 

via the atmosphere. If the change in temperature were a significant 

part of the signal, then we would see not only rapid fluctuations in 

the planktonic signal but also different shapes of signals in 

different parts of the world, which is not the case. It would thus 

appear that the circulation of NADW is of most importance in 

transferring the meltwater signal, arid it is difficult to understand 

why it is observed first in the surface planktonics, rather than in 

the bottom dwelling benthics, as one might expect. However, our model 

of the circulation of meltwater is imprecise, and since most of the 

cores in this study are located at 1 000-2 000m it is possible ~~t 

the deglacial signal may have been circulated above or below this 

depth, and has not been recorded immediately by the benthic 
so 
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foraminifera. Further study to determine the depth at which the 

meltwater signal is circulated, once the cool waters have sunk, woula 

help to clarify this. The complexity of the mixing of NADW and AIW is 

not yet fully understood. 

The saw-toothed nature of the planktonic signal is also partly due 

to the sensitivity of planktonic foraminifera to surface climatic 

conditions, and some fluctuations are the result of local phenomena. 

The 6180 values of benthic foraminifera, however, are largely 

indicative of ice volume changes whose response is smoothed after 

ocean mixing. 

Lack of synchroneity can provide information on patterns of 

circulation, and whether or not the glacial meltwaters were circulated 

first to surface or to bottom waters. The planktonic isotopic record 

for 594 is very noisy (Figure 5.3c), but it would appear that the 

planktonic stage IA glacial termination signal leads that of the 

benthic record (Figure 5.3d). This is compared with IA leads in other 

cores, presented in Table 5.19. (The graphs provided by C.H.Hendy, 

pers. commun., 1988, are in Appendix II). Locations of cores are shown 

in Figure 5.36. 
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Table 5.19. Lead-lag relationships in 6 18 0 records of termination IA, 

from a variety of deep-sea cores. (C.H.Hendy, pers. commun. 

1988, unless marked otherwise). 

Core• Location Ocean System Lead Signal 

CH73-139C 54°38'N; l6°2l'W Nth. Atlantic Planktonics 

CH22-KW31 03°3l'N; 05°34'E Sth. Atlantic Benthics 

MD73-025 43°49'S; 51°19'E Sth. Indian Planktonics 

MD73-026b 44°59'S; 53°17'E Sth. Indian Planktonics 

MD76-135 14°27'N; 50°31'E Nth. Indian Benthics 

MD77-191 07°30'N; 76°43'E Nth. Indian Benthics 

MD77-194 l0°28'N; 75°14'E Nth. Indian Benthics 

MD84-527b 43°49'S; 51°19'E Sth. Indian Planktonics 

DSDP 594 45°31'S; 174°57'E SW Pacific Planktonics 

V19-30c 03°23'S; 83°21'W East Pacific Benthics 

'"Core locations are shown in Table 5.19 and Figure 5.31. 

bLabeyrie et al., 1986. 

cDiscussed with Shackleton in Ruddiman and 

Duplessy, 1985. 

These lead-lag relationships for Termination IA are also depicted 

in Figure 5.37 to show their geographic consistency. It is evident 

that at low latitudes in the Atlantic (CH22 KW31), Indian (MD76 135, 

MD77 191, MD77 194) and Pacific (V19-30) Oceans the IA termination is 

first seen in the benthic record. However, at high latitudes in the 

Atlantic (CH73-139), Indian (MD73-025; MD73-026, MD84-527) and Pacific 

(DSDP594) Oceans the planktonic deglaciation signal leads the benthic 

record. 

Berger and Killingly (1982) postulated that the meltwater signal 

would occur first, worldwide, in the planktonic foraminiferal isotopic 

record, as a global meltwater "lid" would isolate the deep ocean from 

the deglacial signal. The above results would suggest that while this 
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may be true in higher latitudes, the meltwater "lid" cannot extend 

worldwide as the meltwater signal is retarded in low latitude surface 

waters. This could be explained by the sinking of the cold meltwaters 

as they reach less dense tropical waters, thus affecting benthic 

foraminifera in low latitudes before finally upwelling and appearing 

in the planktonic signal. 

During the 2 to 1 and 4 to 3 transitions (from relatively cold to 

warm conditions) the meltwater signal is first evident in the 

planktonic isotopic record. Through stage 5, however, cold to warm 

transitions are registered first in the benthic record. These 

lead/lags are summarised in Table 5.20. 
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Table 5.20. Lead-lag relationships in the 8180 record of 594 

(see Figure 5.3c and d). 

Stage Lead Signal Relative llT 

6 -> Se ? cold -> warm 

Se -> 5d Planktonic warm -> cold 

5d -> Sc Benthic cold -> warm 

Sc -> Sb Planktonic warm -> cold 

Sb -> Sa Benthic cold -> warm 

Sa -> 4 ? warm -> cold 

4 -> 3 Planktonic cold -> warm 

3 -> 2 ? warm -> cold 

2 -> 1 Planktonic cold -> warm 

? Indicates that the lead signal cannot be determined 

from the available data. 

Since stage 5 is interglacial, with warmer temperatures 

prevailing, the volume of meltwaters from the glaciers in cold to warm 

substage transitions was considerably less than the volume involved in 

full glacial to interglacial transitions, resulting in a relative 

lessening of the extent of the meltwater surface "lid". Thus it is not 

unreasonable that the benthics should lead the planktonics from 5d to 

Sc and Sb to Sa. 

Analysis of the lead-lag relationships in the lower resolution 

sampling of 594 (Cuthbertson, 1985) is difficult as the distance 

between samples is greater, but it would appear that for transitions 

from 18 to 17, 16 to 15, 12 to 11 and 10 to 9 (i.e. cold to warm) the 
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planktonic 8 18 0 signal leads the benthic signal, compatible with the 

arrival of cold glacial Antarctic meltwater at the surface in higher 

latitudes, before its presence is recorded in deeper waters. (The lead 

signal in the transitions from 14 to 13 and 8 to 7 is impossible to 

determine). 

5.2 Discussion of Aspects of the o13C Results 

The o13 C results appear with the 8 18 0 results presented in 

Section 5.1 (Figures 5.3 to 5.10 and 5.12 to 5.22). Since additional 

unbound copies of these figures have been provided in the envelope at 

the back of this thesis, for ease of comparison and discussion, the 

figures have not been repeated here. 

5.2.1 Changes from the Last Glacial to Present Day 

In all of the cores studied a marked difference between mean 

glacial and interglacial values occurs in the benthic 

foraminiferal record. From glacial to interglacial periods the mean 

benthic o13 C increase is ~0.95°/ 00 • This difference between benthic 

glacial and interglacial values has been previously observed (outlined 

in Section 1.7), and the more negative values during glacial periods 

could support the case for decreased production of NADW during the 

last glacial (suggested by many authors, e.g., Duplessy et al.,1975; 

Schnitker, 1979; Streeter and Shackleton, 1979). Considerably 

decreased flow rates of NADW result in a slower turnover and hence 

greater assimilation of isotopically light organic material. In 

addition, a decrease in the volume of NADW during glacial periods 

(supported by o13 C values presented by Curry and Lohmann, 1982) 

results in a vertical migration of the NADW/AABW boundary, which would 

influence the benthic o13C values from the core sites (AABW is 

reported by Kroopnick (1980) to be 0.5°/oo lighter than the overlying 
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deep NADW). A summary of the mean Holocene and last glacial maximum 

813 C values of benthic and, where determinable, planktonic 

foraminifera is presented in Tables 5.21 and 5.22. 
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Table 5.21. A summary of mean Holocene and last glacial maximum o i Jc 

values of benthic and planktonic foraminifera from the 

cores studied. 

West of N.2. N East of N.2. 

I 
Core Mean interglacial o 1 Jc I Core Mean interglacial o 1 Jc 

No. PF'l BF'2 ti J I No. PF' BF' ti 

I 
586 I Q858 -0.3 

588 0.7* 0.7 0.0 I Q219 

589 -0.2 0.4 0.6 I 594 0.5 0.0 -0.5 

590 -0.9 0.8 1. 7 I Q200 0.6 0.0 -0.6 

591A -0.9 0.1 1.0 I Q580 0.4 -0.8 -1.2 

22108 -1.3 -0.4 0.9 I Q217 0.7 -0.2 -0.9 

592 0.3 ~ Q585 -0.3 

593 0.2 s 

N 

Core Mean glacial 8 1 Jc I Core Mean glacial 81ac 

No. PF' BF' !:i,. I No. PF' BF' !:i,. 

I 
586 I Q858 -1.4 

588 0.0* -0.2 -0.2 I Q219 

589 -1.4 -0.6 0.8 I 594 -0.9 -1.4 -0.5 

590 -1.6 0.2 1.4 I Q200 0.0 -0.8 -0.8 

591A -1. 7 -0.7 1.0 I Q580 -1.0 -2.0 -1.0 

22108 -2.4 -1. 5 0.9 I , Q217 0.0 -0.7 -0.7 

592 -0.4 .J,. Q585 -0.7 

593 -1. 7 s 

1 G. bulloides unless otherwise indicated. 

2 Uvigerina spp. 

J t. = BF'-PF' 

* G. ruber 



Table 5.22. A summary of 

(A8 13C = G -

West of N.2. 

Core Planktonic 1 

No. G IG 

588 2 0.0 0.7 

589 -1.4 -0.2 

690 -1.6 -0.9 

591A -1. 7 -0.9 

22108 -2.4 -1. 3 

Core Benthic 3 

No. G IG 

588 -0.2 0.7 

589 -0.6 0.4 

590 0.2 0.8 

591A -0.7 0.1 

22108 -1.5 -0 .4 

592 -0.4 0.3 

593 -1. 7 0.2 

1Globigerina bulloides 

2Globigerina ruber 

3Uvigerina spp. 

the glacial/interglacial differences 

IG) for planktonic and benthic foraminifera. 

East of N.2. 

Core Planktonic 1 

A8 13C No. G IG M13c 

N 

-0.7 I 594 -0.9 0.5 -1.4 

-1. 2 I Q200 0.0 0.6 -0.6 

-0.5 I Q580 -1.0 0.4 -1.4 

-0.8 .J,, Q217 0.0 0.7 -0.7 

-1.1 s 

Core Benthic 3 

A8 13C No. G IG A8 13C 

N 

-0.9 t Q858 -1.4 -0.3 -1.1 

-1.0 I 594 -1.4 0.0 -1.4 

-0.6 I Q200 -0.8 0.0 -0.8 

-0.8 I Q580 -2.0 -0.8 -1.2 

-1.9 I Q217 -0.7 -0.2 -0.5 

-0.7 I Q585 -0.7 -0.3 -0.4 

-1/9 \V 
s 

IG = Interglacial G = Glacial 

Previous workers in the Caribbean, the Atlantic and the Pacific 

have not found any significant glacial to interglacial difference in 

the planktonic foraminiferal 813C record. In this study, however, 8 180 

and o13C variations are synchronous at sites 588, 589, 590, 591A, and 

22108 to the west of New Zealand, and at sites 594, Q200, Q217; and 

Q580 to the east of New Zealand. If periods of higher carbonate 

productivity in the Tasman Sea in the vicinity of the Subtropical 
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Divergence (marked in Figure 3.1), and in the Southwest Pacific in the 

vicinity of the Subtropical Convergence close to the South Island, 

coincided with warm interglacial periods, this could account for the 

consistency of the planktonic 8 13 C values at these core sites with the 

8 18 0 climatic record, as a higher productivity results in an increase 

in organic chemical reactions, and thus an increase in the 

fractionation of the carbon isotopes. 

A comparison of modern reactive phosphorous levels and primary 

productivity with Holocene planktonic o13 C values shows a rough 

correlation between modern o13C and modern productivity. Heavier 8 13 C 

values from the east of New Zealand are associated with higher 

reactive phosophorus and primary productivity levels. Whilst to the 

west, lighter o13C values are associated with relatively lower levels 

of reactive phosphorus and productivity (Table 5.23). 
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Table 5.23. Holocene planktonic o13C values, reactive phosphorous 

levels 1 and primary productivity 2 at each of the core 

sites. 

No. 

r 590 

East 591A 

592 

L 593 

r Q219 

594 

West Q200 

Q217 

Q580 

L Q585 

Reactive 

Phosphorus 

(µg/ l) 

0.1-0.2 

0.1-0.2 

0.1 

0.0-0.1 

0.5 

0.8-0.9 

0.6 

0.7 

0.8 

0.9 

Primary 

Productivity 

( 14 C uptake 

mgC/m 3 /hr) 

0.15 

0.15 

0.06 

0.5 

0.6 

0.6 

0.6 

0.6 

1.0 

0.6 

Planktonic 

s i 3c 

-1.2 

-1.4 

-0.6 

-0.6 

0.4 

0.4 

0.35 

0.5 

0.7 

0.5 

1 Approximated from Bradley and Taylor, 1980. 

2Approximated from Bradley, 1980. 

In all of the cores studied for which the Stage 1/2 transition is 

identified (i.e., Sites Q200, Q217, Q580, Q585, Q858, 22108, 590, -
591A, 592, 593, and 594) lighter o13 C values (by 0.4 to 0.8°/ 00 ) 

occurred at, or very close to, the stage boundary. This minimum is 

seen in both the planktonic and benthic record, indicating an ocean­

wide phenomenon affecting both top and bottom waters. The most likely 

cause is the re-establishment of greater volumes of NADW flowing into 

the Southern Ocean and hence into the Pacific, displacing the 

relatively stagnant, isotopically light, glacial deep water and 

resulting in a transient drop in 6 13C values as the 12C-rich waters 

are remobilised and "flushed" out of the deep water flow paths. An 
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examination of the long, lower resolution, record of DSDP Site 594 

(presented in Cuthbertson, 1985) shows that this phenomenon probably 

occurred regularly throughout the Brunhes Epoch at 

glacial/intergl~cial transitions. 

5.2.2 The Last Interglacial 

A comparison of the mean o13C values of benthic foraminiferal 

tests from the last interglacial stage Se with modern total CO 2 (TCO 2 ) 

or Holocene benthic o13C values was made by Duplessy et al. (1984) in 

order to deduce differing patterns of circulation in deep waters. 

Results from cores studied in this thesis, where Se is identifiable, 

are added to their data in order to help fill the considerable data 

"gap" in the Southwest Pacific region (Table 5.24, Figure 5.38). 

Table 5.24. A comparison of Holocene and Se benthic o13C values 

(after Duplessy et al., 1984). 

Core Water Water Holocene Se Last interglacial 

No. Depth(m) Body o i 3c o i 3c anomaly* 

594 1204 ow 0.8 0.1 -0.7 

592 1098 AIW 1. 2 1.0 -0.2 

591A 2131 ow (0.3) 0.9 ( 0. 6) 

590 1299 ow 1.6 1. 3 -0.3 

a Corrected to Cibicides by o 13Cuvi. + 0.900/00 

( after Duplessy et al., 1984). 

* From Se o13C - Holocene o13C. 

The anomalies presented support the observation of low TCO 2 J, 13C 

Wt (CDW) dur ing Se, relative to the modern in the Circumpolar Deep a er 

t f rom modern 6 13C values are also situation. Significant depar ures 

(s ·t 590 591A and 592). This depletion seen in the Tasman Sea 1 es , 
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compared to the present day is explained by Duplessy et al. (1984) in 

terms of a decreased global organic carbon reservoir from a 

reduction in continental biomass, or from decreased amounts of 

deposition of organic-rich sediment on the continental shelves. 

A mean difference of -0.350/00 between the last interglacial and 

today in the CPDW of the Southern Ocean may be calculated from the 

data presented by Duplessy et al. (1984). Inclusion of the Site 594 

anomaly value gives a slightly greater mean difference of -0.43°/00 . 

A systematic appraisal of the isotope Stage Se record at Site 594 

shows consistently more negative planktonic and benthic 613C values 

during the warmer periods of stage 5 (i.e. a,c and e, indicated by 

lower 6 180 values). These are summarised in Table 5.25. 

Table 5.25. Summary of mean 6 180 and 6 13c values for benthic and 

planktonic foraminifera at Site 594 over stage 5. 

Stage Relative Planktonic Benthic 

Temp. Mean Mean Mean Mean 
61 so 6 i 3c 61 so 6 i 3c 

5a Warm 2.0 0.0 3.2 -0.3 

5b Cold 3.1 0.6 4.3 0.0 

5c Warm 1. 9 -0.4 2.9 -1.1 

5d Cold 3.2 0 .. 6 4.0 -0.4 

5e Warm 1.1 -0.5 3.0 -0.8 

It is likely that the synchronous appearance of isotopically 

light CO 2 in both top and bottom waters at 594 during substageS"5a, 

5c, and Se, may be caused by an increased AABW flux into the Southwest 

Pacific during interglacial stages coupled with upwelling, interrupted 
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by periods of reduced flow during the colder substages of Sb and 5d 

when contrasting high o13 C values occurred. Duplessy et al. (1984) 

proposed enhanced production of AABW during substage Se, and this 

study suggests that it was a feature of all of the warm substages of 5 

(i.e., Sa, 5c, and Se). 

5.2.3 o13 C Differences between Sites to the West and East of 

New Zealand 

Kroopnick (1974) noted that generally higher o13C values are 

obtained from surface-dwelling planktonics compared to those of 

benthics that have grown in deeper, cooler, conditions. In addition, 

sediment-burrowing benthic foraminiferal tests have probably been 

exposed to pore waters that are 12C-enriched from the rain of organic 

material from the surface. However, absolute comparisons of planktonic 

and benthic results would have to take into consideration the degree 

of disequilibrium in the species used. (Duplessy et al.(1984) indicate 

that Uvigerina spp. 13C/ 12C ratios do not reflect an equilibrium 

situation, and apply a correction factor of +0.9°/ 00 to normalise them 

to Cibicides, which are considered to be at equilibrium). Since the 

degree of disequilibrium of G. bulloides is in dispute (Section 1.9), 

comparisons of absolute 8 13C values are difficult. However, some 

general trends may be noted. 

The 0 13C values of benthics to the east of New Zealand during 

glacial periods have a mean value of -1.2°/00 , and during 

interglacials a mean of -0.3°/00 • Values to the west of New Zealand, 

however are consistently heavier, on average by 0.5°/ 00 (mean glacial 
' 

o13C is -0.7°/00 , mean interglacial o13 C is 0.2°/00 ) (Table 5.21). 

Since Kroopnick (1980) showed that the dominant effect on bottom water 

13C distribution is circulation, the ·water to the east of New Zealand 
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must be considerably different in structure compared to the water mass 

to the west of New Zealand. This would be consistent with a greater 

dominance of 

predominating 

structure). 

isotopically light 

~o the west. (See 

5.3 Carbonate Results 

AABW to 

Figure 

the east, with NADW 

2.2 for oceanographic 

Carbonate analyses for all of the NZOI cores were carried out. 

Raw data from these are presented in Tables 4.9 to 4.15, and 

graphically in Figures 5.4 to 5.9 and 5.20 (refer to unbound copies 

inside the back cover). The high resolution carbonate stratigraphy of 

Site 594 has been documented by Cooke (1988). Previous moderately high 

resolution carbonate analysis for the entire Brunhes for Site 594 has 

been discussed by Nelson et al. (1986). 

A marked cyclicity is evident in the carbonate record of 594. The 

5/6 stage boundary is clearly seen with an increase in %CaCO 3 from 7% 

to 61% marking Se. The cooler substage 5d is then recognisable with a 

drop to values of 35-40%. A further rise (up to ~60%) and fall (to 

~30%) mark Sc and Sb respectively. The 5/4 transition is obvious, with 

a drop from ~50% to 4%. Stage 3 is seen to be a period of moderate 

CaCO 3 content of 20-40%, with a clearer division between stages 2 and 

3 (assuming version #1 of the isotopic taxonomy, Section 5.1.2) than 

is seen in the isotopic record. The transition from 2 to 1 is 

similarly well marked, with an increase in CaCO3 from ~10% to 45%. 

Down-core correlation between low %CaCO3 and high 8 18 0 values has 

been explained in terms of the terrigenous material deposited at-Site 

594 from the South Island during periods of accelerated erosion 

(Cuthbertson, 1985; Nelson et al., 1986). NZOI Cores Q200, Q217, Q580 
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and Q585, in the vicinity of 594, also display high CaCO 3 values 

during interglacial periods, and low CaCO 3 contents during glacial 

periods. This down-core correlation between high carbonates and high 

temperatures is not found world-wide (for example, in eastern 

equatorial Pacific cores high carbonate is associated with glacial 

periods because of increased dissolution during interglacials 

(Valencia, 1977), but is known in the Atlantic. This apparent anomaly 

can be explained by considering the oceanic conditions which are 

thought to have been prevalent, with increased upwelling intensity in 

the eastern equatorial Pacific occurring below the lysocline. 

A summary of the CaCO 3 content for stages 6 to 1 in 594 is 

presented in Table 5.26. Using sedimentation rates derived in Section 

5.1.1, these percentage values have been used to approximate the 

carbonate sedimentation rate: 

%CaCO 3 X Sed. rate=> CaCO 3 Sed. rate. 

Table 5.26. Total sedimentation rate, CaCO 3 content and carbonate 

sedimentation rate at Site 594, for stages 1 to 6. 

Stage 

1 

2 

3 

4 

5 

6 

Sect.Rate 

(cm/ky) 

10.8 

34.6 

9.1 

18.3 

11. 2 

---%CaCO 3 

60 

7 

25 

7 

50 

20 

CaCO 3 Sect.Rate 

(cm/ky) 

6.5 

2.4 

2.3 

1.3 

5.6 
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The higher accumulation rate of carbonate during interglacial 

stages 1 and 5 at Site 594 is obvious. It is not unreasonable that 

this should be so, as Griggs et al. (1983) note the temperature 

dependence of calcareous foraminifera, only one species of which 

(Neogloboquadrina pachyderma) is found south of the subpolar front. 

Thus the northward migration of calcareous species during colder 

glacial periods, and the increased terrigenous dilution during 

glacials, lead to a lower CaC0 3 content in the sediments during 

glacial periods. During interglacial periods of lower terrigenous 

dilution, where CaC0 3 values are higher, Griggs et al. (1983) report 

an increase in carbonate species diversity with increasing warmth of 

surface waters. Recent micropalaeontological studies suggest that 

dissolution does not play a great part in variations in %CaC0 3 at Site 

594 (Cooke, 1988). Thus for Site 594 increased carbonate productivity 

may be inferred during interglacial periods (which broadly coincides 

with periods of increased carbonate productivity determined by the 

8 13C results (Section 5.2). It may be that this situation is unique to 

594 because of its location. Certainly it is opposite to the periods 

of higher productivity determined during the glacial periods at Site 

593 by Dudley and Nelson (1988). Siliceous productivity during 

glacials may well be increased at Site 594, as the nature of the 

terrigenous sediments being deposited, in conjunction with the 

northwards migration of siliceous organisms with the colder southern 

waters, would both make this likely. 

Low CaC0 3 values in 594 stage 3 (figure 5.3e) (compared to stages 

1 and 5), synchronous with the lack of extreme interglacial benthic 

and planktonic 8 180 values, supports the classification by McGlone 

(1985) of stage 3 as an interstadial (see figure 2.15), rather than a 
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full interglacial. Stage 3 is similarly not represented by high 

carbonate percentages in Q200 (Figure 5.4e), Q217 (Figure 5.5e) and 

Q585 (Figure 5.8e) (the only other cores for which stage 3 is 

identifiable), further supporting an interstadial nomenclature. 
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Conclusions 



SUMMARY AND SYNTHESIS 

Summary 

This has concentrated on the palaeoceanographic 

implications of glacial-interglacial oscillations in the 180/ 160 and 

13c;12c • ratios of calcareous foraminifera in (late) Quaternary deep-

sea sediment cores from the Tasman Sea and Southwest Pacific Ocean. 

The sites cover a latitudinal range from the equator to 49°S. 

Particular attention has been paid to the isotopic records of DSDP 

Sites 593 and 594, to obtain reference curves for the Tasman Sea to 

the west of New Zealand (593), and the Southwest Pacific Ocean to the 

east of New Zealand (594). 

The Site 593 record in the southern Tasman Sea extends to 44m sub­

bottom depth, and reveals isotopic events back to the 55/56 stage 

boundary. The two modes of Quaternary isotopic variation (Prell, 1982) 

are evident, with low glacial to interglacial variability (of 

~0.7°/ 00 ) from 1.9-0.9my, and greatly increased variability (of 

~2.8°/ 00 ) from the 23/24 stage boundary (end of the Jarimillo 

Subchron) due to a change in global ice budget. Of the other sites to 

the west of New Zealand, only Sites 589 and 592 were analysed beyond 

the beginning of the Jarimillo Subchron, of which Site 592 also 

displayed the expected two modes of var_iation. 

Attention to the east of New Zealand was focused on the fine 

detail obtainable from Site 594, already known to have a high 

sedimentation rate and an exceptionally well preserved isotopic 

record (Cuthbertson, 1985). One of the most highly detailed isotopic 

records available for stages 1 to 6 has been produced and interp;eted 

h ·t of the CaC0 3 content and the ~180 in this study. The near sync rone1 Y u 

record has been previously noted (Cuthbertson, 1985; Nelson et al., 
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1986), but uncertainty over the depth of the 2/3 stage boundary, whose 

position in the CaC03 curve is not matched in the isotope record, 

indicates a need for caution in using the CaC0 3 record to locate stage 

boundaries. 

Other sites to the east of New Zealand, and most notably those in 

the vicinity of Site 594, do not possess similarly high sedimentation 

rates, and their records have not been as useful as those of Site 594. 

Differences in the accumulation rates may reflect variations in the 

depositional environment, and changes in the transport regime of 

currents in the Bounty Trough region. 

The benthic 8 13C records of all the cores oscillated in concert 

with the 8180 glacial-interglacial cycles, with low 813C values during 

glacial periods, as is the case universally. In addition, some of the 

planktonic 813C records show glacial to interglacial fluctuations, not 

commonly the case elsewhere-, and may reflect consistent variations in 

carbonate productivity 

conditions. 

linked 

The influence of latitudinal 

to cyclical glacial-interglacial 

position on isotopic lead/lag 

relationships over Termination IA has been studied, and results 

suggest that glacial meltwaters in high-latitude sites are recorded 

first in the planktonic 8 18 0 record, while at low-latitude sites the 

meltwaters are recorded first in the benthic 8 180 values. A 

modification of the meltwater "lid" theory is proposed, with the lid 

extending only as far as the lower latitude waters, and not worldwide. 

The precise extension of the lid cannot be better defined at present 

as the higher latitude cores of this study (586 and 587) did not 

contain sufficient benthic foraminifera for analysis, and so the north 

to south transect is incomplete. 
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Late Quaternary Palaeoceanography of the Tasman Sea and Southwest 

Pacific Ocean: A Synthesis (Figure 6.1) 

Glacial Surface· Waters 

Planktonic 8 18 0 results suggest that warmer subtropical surface 

waters (rather than cooler subantarctic surface waters) were dominant 

in the Tasman Sea, even during glacial periods, with similar surface 

circulation patterns to the present day, as even the southernmost of 

the sites (593) does not record the extremely heavy glacial planktonic 

818 0 values (of ~3.5°/ 00 ) observed to the east of New Zealand. 

In the Southwest Pacific a more northerly position of the 

Subtropical Convergence 

considerably heavier 8 180 

is suggested during glacials by the 

values. Moreover, radiolarian microfossil-

dominated assemblages, characteristic of the Antarctic water mass, are 

found only in glacial samples from Site 594 (Cooke, 1988). The extent 

of this shift in the Tasman Sea cannot be as far north as Site 593, as 

it does not have extremely heavy values comparable to those of sites 

off the east coast. In the Southwest Pacific a lack of cores to the 

north of the Chatham Rise makes determination of possible 

palaeopositions of the convergence difficult. 

Glacial Deep Waters 

Lighter benthic 8 13 C results (by ~1°/ 00 ) during cool periods 

support decreased NADW production during glacial periods, with 

vertical migration of the NADW/AABW boundary. Renewed production of 

NADW on warming results in a sudden and transient decrease in the 8 13 C 

values as the relatively stagnant, isotopically lighter waters, are 

"flushed" out of deep water flow paths, before the 8 13 C values to 

heavier interglacial levels. 
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Cooling of the Deep Waters (~1200-1500m) in the Tasman Sea during 

the last glacial appears to have been less extreme than the cooling 

apparent at sites at comparable depths in the Southwest Pacific Ocean. 

To the east of New Zealand the temperature drop (of ~l.7°C) is 

comparable to that seen in other Southern Ocean sites. To the west, 

however, some isolation of the Tasman Sea from the northerly flow 

which takes Deep Water from the Circumpolar Current must have 

occurred, allowing a cell of higher temperature water (warmer by ~l°C) 

to develop in the Tasman Sea. 

Interglacial Surface Waters 

Planktonic 8 180 results from the Tasman Sea suggest a more 

southerly position of the eastward movement of the East Australian 

Current during the last interglacial (stage 5), as the 8 18 0 records of 

Sites 592 and 593 both indicate cooler Holocene temperatures than 

those prevalent during stage Se. A more southerly position of the 

Subtropical Divergence (Tasman Front) during stage Se is thus 

proposed. 

Interglacial Deep Waters 

Significant departures from modern benthic 8 13C values occur in 

the Tasman Sea, and at Site 594 in the Southwest Pacific, with TC0 2 (~ 

0 13 C) generally lower by ~0.5°/ 00 in the last interglacial ocean 

compared to the present day. 

Consistently lighter benthic values to the east of 

New Zealand (during both glacial and interglacial periods) compared to 

the west point to a dominance of the isotopically lighter AABW in the 

Southwest Pacific Ocean, and of NADW in the Tasman Sea. 
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Heavier planktonic 8 13C values to the east (compared to the west) 

suggest greater upwelling and higher productivity in the Southwest 

Pacific compared to the Tasman Sea during glacials and interglacials. 

Determination of the periods of enhanced CaC0 3 productivity in the 

Southwest Pacific are largely dependent on the observation by Cooke 

(1988) that there is little micropalaeontological evidence from 

calcareous foraminifera to suggest increased dissolution of CaC03 

during glacial periods, as might otherwise have been predicted, as an 

increase in the strength of the more carbonate-aggressive AABW flow is 

suggested over glacial times. If this was the case, then CaC0 3 

productivity must have been highest during the times of maximum 

accumulation of CaC0 3 (i.e., during interglacial periods). This is 

supported by heavier planktonic 8 13C values during interglacials 

(~0.5°/00 ) compared to glacials values (of -1.0 to 0.0°/00 ). 
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HOLE 586 

Date occupied: 19 November 1982 

Date departed: 19 November 1982 

Time on hole: 15 hr., 52 min. 

Position: 00°29.84 1 S; l58°29.89'E 

Water depth (sea level; corrected m, echo-sounding): 2208 

Water depth (rig floor; corxected m, echo-sounding): 2218 

Bottom felt (m, drill pipe): 2223.1. Note: water depth of 2218 m from. 
rig floor from 586C logs used as 
site datum. 

Penetration (m): 39.3 

Number of cores: 5 

Total length of cored section (m): 39.3 

Total core recovered (m): 38.98 

Core recovery (Ofo): 99.2 

Oldest sediment cored: 
Depth sub-bottom (m): 39.3 
Nature: Foraminifer-bearing nannofossil ooze 
Age: Latest Pliocene 
Measured velocity (km/s): Not measured 

Basement: Not encountered 
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'=+--+---+-":-l I . 1,1 ,.so 1.75 CC.23 

I - SYB/1 D D D D '=+--+--+---q !I 
_.:i '=+--+---+-:=, I Tutur,: 

~~ ,I .... 35 ID 30 10 v- CM t=-t----+---1--~ I 
ii ··• 30 .. 30 .. 

AG AG cc q_.---+---+--~ I c1,,. 35 50 .. 50 g FM . 
COfflPO$i1ion: 

i Volcanictl•u - - <• -~, ZIOliU - <• - -
Forwninifer1 .. 50 ID 50 ~. C.lc. 11a"1noto11il1 35 50 .. 50 

!~ ft.adlOWi.nl - <• <1 <• 
~i Sc,o,,ttq,icule1 <• <• <• <• 
1.., Sihc:otlagell•lel - <..1 - <• 
1,_ ORGANIC CARBON ANO CARBON A TE ni.l: 

}~ 1,31-32 

•l.1 0r..,..CCMborl .... 
~ .. 
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SITE 587 
u 
i 
~ 

~ 
\'lw 

i -=~ 
:, 

~N 

0 
;; 

j 

i 
.; 

:;; 
z 

HOLE 587 

Date occupied: 3 December 1982 
Date departed: 5 December 1982 
Time on hole: 40 hr. 
Position: 21°11.087'S; 161°19.99'E 
Water depth (sea level; corrected m, echo-sounding): 1101 
Water depth (rig floor; corrected m, echo-sounding): 1111 
Bottom felt (m, drill pipe): 1115 
Penetration (m): 147 
Numbers of cores: 17 
Total length of cored section (m): 147 (89.5 in Pliocene) 
Total core recovered (m): 88.81 (80.95 in Pliocene) 
Core recovery (OJo): 60.4 (900/o in Pliocene) 
Oldest sediment cored: 

Depth sub-bottom (m): 147 
Nature: Calcareous sandstone 
Age: Probably late Miocene 

Basement: Not reached 

HOLE 

FOSSIL 
CHARACTER 

i ! ~ 
I 11 I a 

= a 

A 

A 

A 

CORE 1 

z 
0 "' 

~ i 

CORED INTERVAL 0.0-3.1 m 

GRAPHIC 
LITHOLOGY 

O 5Ylf1 

J!c~~'-----=_::l'-..:-+-:!:-+-:..::C-+-~-+-;.,;t=,~o=.L.J........j• 1-&Y 8/1 

LITHOLOGIC DESCRlnlON 

sfcELETAL SANDY FORAMINIFER NAHNOFOSSIL 
OOZE, pinkith grr;- (SYR 1/11. IOft to IOJP'f', 1NSi1N,, 
with NdlPolit«:I thallow flllrinll lblnel t,.._na. D11-
turbad b'tcorint-

SKELETAL SILTY SANO TO SKELETAL SANDY 
GRAVEL, \'fllowith WIY CSY 1111 10 plntilh • ., C5YR 
1/11, soft 1Q firm, mmMI ID •adtd. Hormel Pirll may 
be from core ditturblnca. Shlllow marine 9k..ul' t,.., 
n.nts ,inclide coral, grwn •Ital. ft 1.,.. IOl'aininifen. 

FORAMINIFER·IEAfUNG NAMCOFOSSL OOZE TO 
FORAMINIFER NANNOF05Sal OOZE, qry 19ft 9ray 
INII IO white INII, IOf1, wi1hdiar\,pl.9d ptrili.Nf llmina 
and bMIN, ,.,. burrowa and dwmical dHtu.ion blndl . 

SMEAR SLIDE SUMMARY: 
1,11 2.• CC,4 
D D D 

T■-wra: ..., C D -
Sill C C A 
c,., D - A 
Composition: 
Ca,boneta UftlPK. D D D 
For.,.lnlf•n C C A 

C.lc.nannaloNill R R A 
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HOLE 588 

Date occupied: 6 December 1982 

Date departed: 8 December 1982 

Time on hole: 30 hr. 

Position: 26°06. 7 'S; 161 ° 13.6 'E 

Water depth (sea level; corrected m, echo-sounding): 1533 

Water depth (rig floor; corrected m, echo-sounding): 1543 

Bottom felt (m, drill pipe): 1548 

Penetration (m): 236.00 

Number of cores: 26 

Total length of cored section (m): 236.00 

Total core recovered (m): 220.76 

Core recovery(%): 93.5 

Oldest sediment cored: 
Depth sub-bottom (m): 236.00 
Nature: Foraminifer-nannofossil ooze 
Age: middle Miocene 
Measured velocity (km/s): 1.617 km/s at 233 m 

Basement: Not reached 

SITE 588 HOLE CORE 1 CORED INTERVAL O 0-5 6 rn 
u FOSSIL i 
~ CHARACTER 

:'.;w ! z 
~ 

~ 

~ 
0 GRAPHIC ~:: LITHOLOGIC DESCRIPTION 

iii -=~ ~ ~ 
~ LITHOLOGY l'"ii :, ~N 

I ~ 
; l;i I. 5 ! 0 ~ ~ ~! a; a 

r. --__.__-__. . FORAMINIFER-BEAAING NANNOFOSSIL OOZE TO 

r _:--..-........ ...L..J 10YR 1/4 FORAMINIFER NANNOFOSSIL OOZE. IOft, COIIW-

05- r.' 1..- ...L grained, 011idi1ed. wariout Wdl1 of or..-. ti.coming pai.r 

_--r- ............. ...L.. - F"= ~ IOYA 7/2 
cw.,.downco,,. 

1 -r ..J.......J......1 
I . 

~ burrowin,. beddinQ. 1nd ah(11 l•Y9"1-

1.0-
: .- t-'-J._~ I IOYR 7/4 
,--. !I-~ ............ - J SMEAR SLIDE SUMMARY: 

T >-- --'- 1, 22 2,103 2.127 •. 36 4,60 

- -, ...J.... - IOYR 8/2 0 0 0 0 M 

->-- -r l- .J_ 
Cc,,nposi1ion: 

- +..L. T ..L. >- -.. !OYA 7/4 

"'"'' - T - - -
- ..L. =. IOYR 8/2 ~,..., rnineralt - - T - -"'T _;.L. ..L. 
r I--'-

F' 
NO fo,1.,.,,n,le<I A C C C A 

- "T" T. ..... -'- • NO 
C..i.c:. n.annolou,ts A 0 A A A 

2 .... "'T" -r. ..L-..L . IOYR 8/2 Soo,,Qe1pieulN T T T T -_.-t= ..L. . ,- .,_ ..,_ 

:--.t:'.::-'- >- .-' 
IOYR 7/4 

.,_""T""" -'--..L. - -10VR 81'1 -~ 
,.:~.1-::::::::-

: =:.1ovR 8/4 

r-. .J.. ...1- 10YA 8/2 - ..,_ 
"'T .... ..L. 

J r .- ..L.-'---L- - oJ 

r,-'-""'-..L. 10VA 8/4 

:-. .J....~-L 
~ "'"' ...... ..,_ 

10YR 9/2 - .,_ 
! ,.. :-r µ..-..... 

J µ.. ..J... ...... . T LJ._ ..L. .L-1 • - r-.-- .,_ . . -i! r. - IL --'- IOYR 8/2 

h 
r ,-_ µ.. ..,_ ..... . 

•:: IOYR 9/2 r-._ -
~--= µ.. ..... ...L.. 10YA 8/2 

.;z rT_ .... - 10YA 814 A A ~ 
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HOLE 589 

Date Occupied: 12 December 1982 
Date departed: 13 December 1982 
Time on hole: 15.5 hr. 
Position: 30°42.72'S; 163°38.39'E 
Water depth (sea level; corrected m, echo-sounding): 1391 
Water depth (rig floor; corrected m, echo sounding): 1401 
Bottom felt (m, drill pipe): 1398.3 
Penetration (m): 36.1 
Number of cores: 4 
Total length of cored section (m): 36.1 
Total core recovered (m): 35.08 
Core recovery (%): 97 .2 
Oldest sediment cored: 

Depth sub-bottom (m): 36.1 
Nature: Foraminifer-nannofossil ooze 
Age: Quaternary 

Basement: Not reached 
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SITE 589 t10LE 

~ FOSSIL . I~ CHARACTER L ~w ! ; ! 
1!=~·1~1x ~ i I , i ~ 

2 

1 1t a i ., 

z 

§ 
i 

~ 
i 

COHE 1 CORED INTERVAL 

I ~ GRAPHIC I -,: : 
LITHOLOGY ~ ! i a:~ ~ 

i~ •• ' o o::::t:i 3 
=+-...;...-+-::;_=+: 

~=+---t--+--+--f: 
o..=r-t---,---t=-1 

:i--:t--,... :t--+:::: 

r-
r-

1-- IOYR 8/2 

lOY 612 +- -+- -+-
1.0--::J:.:;+--+-+--+=' 

~ ;!--+--+--+-~ 
:+-+-+--t--+=i 

--,:+---1-++~ 
±--+-+: -t--t. 

G,o 
IOY 11/2 

~-~ 7 't--t---+=-+--=t= 
+-:t-+-=:::-t:= 

i-----r--1 +--+--+--+--+-:. 
+--+--+---1---+::. 
+--+--+---t---t:: 

--J~--t 

~.$$ 
~--±-..p 
+- --t-........ --;:=I 
:i;l;i--- -

i-----r--1..=+-=--t-~ 
P--t--+-__,= 
.=+---t--+-+ 
,=t--+---+-+ 
+--+--+--+-+ -+--+--, 
!:-+--:!--+-~ 
1+::1-+-+--+= 

IW 

:t=.;_-;-~~ 
$-":!=-+-:!= 

s I -=1,.::t--t--+-+ 
P--t--+--i= 
rt1-+-,-

rccH+-~~:!:-f-: 

,1• 

~ 

r-

F;· 

5GY 8/1 

,-N8 

I- .. 
SGY7n 

NB 

NO 

!-- 5GY 8/1 
NB 
SGY7n 

t---i ~5GY8/1 

g~ 

NO 

~ 5GY8/I 

N8-N9 

5GY8/I 

SGY8/1 

NO 
SGY8/1 

UTHOLOCilC DESCRIPTION 

FORAMINIFER NANNOFOSSIL OOZE, 10ft, g,ayllh 
011ng,t 110YR 7/4} clurly COllltf thin the llmtlnder ol 

ll'ltCGre. 

FORAMINIFER NANNOFOSSIL OOZE 
Stction I: ,oh, 10 120 cm ptll on,, 110Y 8/21, b■• p1lt 
11rtenl1h yellow (10Y 8/2) nur 126 cm bvrrow IIOY 6/4), 
136-146: 9uy 1pou ~Iron 1ul1idtl. 
Stction 2-bau: 10H, whitt (N9) 1nd very li"t 9r,y INS) 
10 light llf"ltnilh gray (6GY 8/11 color urilliON, lflY 
INII-N6) 1pou In whitt p,ru ol tht ttetlont ('->Iron 
11,llfidtl. 

Orunilh p,mL._+ volunlc ,Ihm. 

SMEAR SLICE SUMMARY; 
I, 60 3, 30 

0 0 
Comp01i1ion: 
o..,,u 
F1ld1p1r 
Volcanicgl111 R R 
For1mlnller1 A A. 
Calc.n1nnolo11ih A A 

SITE 588 HOLE 

FOSSIL 

8 
CHARACTER 

~ ~ ~ t -~ ~ ; ~! I ~ ! N i ! I ! i 
§ 
i 

' A 

·1 

t I 
1 J 

A ., 

• 

A -

§ A 
z z A 

CORE 2 CORED INTERVAL 

~ ~ GRAPHIC 

11!1 i 
~ t; LITHOLOGY 

~ r 

:.J_.L.::i:~..&. 0 

.J..J....J...J..J... 0 
NO 0 

0.5- .J.. J... .J.. ..I.. ..I.. 1-...., 

1 I+=+-. -,--t--i:.+ liGY8/1 

1.0-
i+-+--+--+=i 
+=.---+--+--+:.+ 
+=+-.-+--+-~ 6GY8/I 

-
~--+-~ 

_ft---t--+--+--+:; . 6GY8/1 

_ft--+--+--+--+-i=1 
ft--+--+-

2 ft-+---1--+-..p . IOY 6/4 -+- -+-~ I-

-~ --t--+--+-°:-1 ,... 
" 

IOYlln 

-ft--+---t---t--+:. .....::r-,:_rc.: 5GY8/1 

NB -
.:-+--t--+-....=1 ... v 10YBn 

..=+- -+-3 liGY8/1 

-+-:!:--+-::!:'.t: - " I-
1oven 

3 "..L ..L. ..J.. ..... ..I.. 

- • ..L...L..l-..L..L.. . NO 
-.J_ ..L.~ ...L.. .I... 

- .i.; .J.. -tt--i--,--+--t:. ~~ 

f-+:--t--+--+---+: &GY8/1 

-;..-+--+--+:: 1,- • E-+- --t- Pyr111 l1y11 IN4) - :i=t""-t--+-+ 
4 t'"°-+--+--+= 

- Et:-+-=::-+:: 
§...""!""+-+-:. ~ - ,oven 

..L.. ..L.. -_, ~r - N7 
&GY8/1 

¢-+--+-~ - NO 

€"°-+--+---+ - liGY8/1 

- £"""--,...-+---i= 10Y8/'2 

-i=r-+-+-...= ~-
IGY8/1 

5 
~-+-:::-+= .l -N, 

- += +-+--+--+:: 6GY811 

-+=+,.-+--+--+:. IOYll/2 

1-1--- ~-+--+--+--t:. ~: 6GY8/1 

.,,J,,.,--..J...-... ' 11-....._~ ... ...J 

- ...... :.J_ .... ~ NO 

6 ................. ~_, 
- ,_...L..1:-s:...J. 

..... ..L.. ..... 
I-

c+--t--+--i---+. liGY8/I --
7 

._,_...1.._,_...1.. NB 

cc - -+--,---8 6GYl/1 

LITHOLOOIC DESCRIPTION 

FORAMJNIFER NANNOFOSSIL OOZE, 10h, hV,t 01,-.. 
IIOY li/41 to IIV,1 grunith gr1y (5GY 8/1). 

NANNOFOSSIL OOZE, .oh, whilt IN91 to w,y 11"1 gr1y 
(N8). darlt (NSI 1pot._> iron M.llfid1. 

Cyclicl1) Wl"ltior» btrwftfl FOAAMINIF[/1: NANN(). 

FOSSIL OOZE ( • L-- • + ,oletnic 11h11 tnd NANNO 
FOSSIL OOZE. 

Burrowing 1p,p1rtn1 II irr1-9ul1r 1n11rv1l1. 

SMEAR SLIDE SUMMARY 
7, 33 2. 80 3, 90 4, 34 
0 0 0 M 

Compoiition: 
0,mu - T - -
F1ld1par - T - T 
Vole1mcgl111 T A T T 
Py,i11 - - T A 
Fo11min,ltr1 A A A C 
Cale. n1nnoto11il1 A A 0 A 

I\) 

w ..,. 



HOLE CORE CORED INTERVAL 

!:i! FOSSIL 
lit l CHARACTER 

8 11:111 » ~ ~ .., ► 
« ~ !i? z .., ,- c ORAPHIC u, ~ LITHOLOOIC DESCRIPTION 
I ! ~ 0 ':!: i LtTHOLOOV ~ ~ ~ 

I r ! ~ X j;i~ ~ 
~ a ! z i ~ i~~ 3 

~==+:-_.__~ 0 
2 ... rr. -1.. -1.. -1.. l sav 0,, FORAMINIFER-BEARINO NANNOFoss,L oozE, "°ft. 
! O.S tr ...L ..J.. _ V NB light 11r11nhh gr1y !60Y B/11 10 pal, ollve (10V 8/21. 

I . r--
1 T"" ~ ....1_ ..,I_ 6GV 8/1 NANNOFOSSIL OOZE, 10ft. 'M'lilt !NV) to very II~1 ftlY 

- T'" ...:r _,_ ..,1_ ...t..: 1-- V 1ov11n !NBI. 

\._ - ...L ..1- r- NS Dark (N8-N6) 1pou In the 'M'lolt «111. 

tr -J_ .J.. .J.. .J... ) SGY 8/I Cyclic •1tl1tion1 t:i.1-,n FORAMINlfER•BEARINO 

.J... ....1_ ..L 1 - r-- Vo,d NANNOFOSSIL OOZE---.+ volcanic 11h11 incl NANNO 
A ".J... ..J.. ..,1_ ...L... . .J._- FOSSIL OOZE, 

_ :..L ~ ..L. ~-'-: NB-NU 

2 ::: ~ ~ ..L ±: SMEAR SLIDE SUM:.~:2v;, 50 

• .J.. ..L • D 0 
- ' -I- -.. • • 6GY 8/1 Compo1ition: 

r- NB Ouaru T-
•--l_· ..L' ,- IOY 812 F1ld1p11 T -

,-.,..--u--_ _,, •r . ...1.. .1.. ..L - HU'f'Y mlne11l1 T -

rt"" :l=. ..L ..J..: SGY S/l Volcanlc gl111 T -
A ...L.. _ P1l1gonit1 - T 

,,_ ..L ...L. ..L ...L.. ..L Pyrlll - T 
- ,- ..L .J...,; • NS Fo,1mlnll1r1 C A 1 3 .J..._,_ ..J.. .L. ..L C,lc. n1nnofo11il1 A D 

,-..L .J... -L 
..J... ..L 

r-t ~JJ_~...1_~ SOYS/I 

r 1 [ ~_,_ _,_=:i 1-- ~~ 0" 

! } A ,-...L.. ~ -1--L ...L }=-'\." I- N6 l. 

di ,-..L....L.. µ. NB 

; -~-c .J... ::_:j! 10Y6n 

,1 -..L..L. r- NB 

-i-,- I..L. ...L !iGV 811 
. t-
- -L-....J.....-..J... NB 

1-r 7[ _,_ ~ ..L SGYB/1 

A ~ ..L.. -l..-1.. -1-...L - NB 
..J... .J.. 

5 ~-t--L. -L._,_ 10Y6/2 

~ i"" ..L. -L._,_ 

~_,_::_,_..L..-L. r N9 
.J... .J.. .L 

1---1---=1=:::::;~::;::;;:~Hf:=l--l!- IW 

I -[ ~ -L SOY 8/1 

A '-L-'--..J..-'-

..L.....L...L...L..J.. ~ -N1 .i 

6 ....1_ 7 ... J..;~-~ .J.. NB 

- -;,.J:.L.... :::-L- t- 10v an 

...1...-'-...L.."7-L t-- NB 

; 7 "Tl'-'-...1..:::;:: SGYB/1 
z ---r J... 
Z A CC .,, ·_.. -L J... ...L.. 

SITE 581 HOLE 

i FOSSIL 

~ 
CHARACTEII 

~w I! j ! -~ .:i ~ I w~ • <N i 

i I • ! 
~ i ~ 

§ A 

i 

A 

A 

·1 

J l 
1 .. A 

. 
A 

A 

.. 
i A 

CORE 4 CORED INTERVAL 

~ ~! ORAPHIC 

~ 
l.lTHOLOOY 

~ !i s~d 
-~ o-

.... :~ 911 I 
: .:f_.J.. _.J. . 

Or .J.._.__.J...J. NO 

-
1 +=.---+---+-~ 5Y 8/1 t:..-+--...... -I::. . ,- -

::f.J..~.J.. .. NB 
..... ·..1. ._ 

.J...J.. ..I... .L N7 

.... NB 

r, 5Y 811 

- -.J.-~ ..L ~-

r--
N7 

2 +=+--+--+-__p tr . IYB/1 

~ 
:¾'...L.....L-1-... 

' ..... -'-- NO ._ --- .:+---+--+---+= 5Y8/1 

+="""-+---+---t: 
-:±: ...... .t,.,;; 

._ 
..&..~...a... 

N7 

3 
,- -;- -;- ._ . 

5Y 8/1 

_"T1'-..1...-'-..1.. 
'. 
' N7 

_,11-· ........... 
~ '": .=t-_;_-+:.. 6Y 8/1 

;:J..~...L.- -.,. 0 
. 

- _"T "-..... ..L .J.. Ir NB 
.L ..1..- •, 4 _"T ,-.· ..L 
-'--..1--'-- ,--

t--+----+--+= .- 5Y 8/1 ,-
NB 

'.L: .... - < 
IW 

_,z..1-~ •. NB - 6Y8/1 - - ,... . 
5 • "T ll--..1--'-..1... 

."T ~~-'-_._ 
NB - _ ..... ~..L...J.. -

,- -r-·-t- -
E!=-+-::::~ 6Y8/I ._..._ 

-•1-_,_-. NB 

-+-+'-+ - 5Y8/1 -
6 :~ _.__-.J.. ,._ ..L. 

..... .J.. 
NB 

-+- -+- ,-+ --
~:!:-+-::!=t 

6Y8/1 

cc- .- 5Y8/1 i-
NB 

LITHOLOOIC DESCRIPTION 

FORAMINIFER-8EAAING NANNOFOSSIL OOZE, 11!e,• 
•1'19 w,ft. 'f'lry li9ht ••v (NB) 1ncl lintt, lilflt Ofrt1 gr,v 
(6Y 8/11 dornintnt lilhol09'1 With hirly 1h11p cont.:a. 
0.,11. ll'IY IN3I Iron wlfidt blfbt tnd 111 .. tu OC0-6 p,11'I• 
ocllc,lly. Bunowi"" appa,tn111 irregut11 lnttrv,I1. lJp,t 
olJve g,ty !5Y 0/1) l)lttl rictm In tor,~ 
~, FORAMINIFER 

NANNOFOSSIL OOZE 
Void 

SMEAR SLIDE SUMMARY: 
1,67 1. 01 2. 83 3. 91 4,37 4, 99 6,86 
0 0 0 0 0 0 0 

Compoll1ion: 
0..1,u - - - - - - T 
HHvy minlrtll T T T T T T T 
VolcanicglHI - - R - - - -
Pvrlt, - R T - R R T 
Fonminil1r1 C A A A A A A 
C,lc.nennotou1l1 0 A A A A A A 
S9oi,g,1plcul" - - - R - - T 

IIJ 
(.,) 
(11 



HOLE 590 

Date occupied: 15 December 1982 

Date departed: 15 December 1982 

Time on hole: 13 hr. 

Position: 31°10.02 1 S; 163°21.51 'E 

Water depth (sea level; corrected m, echo-sounding): 1299 

Water depth (rig floor; corrected m, echo-sounding): 1309 

Bottom felt (m, drill pipe): 1308 

Penetration (m): 26.2 

Number of cores: 3 

Total length of cored section (m): 26.2 

Total core recovered (m): 26.36 

Core recovery (OJo): 100 

Oldest sediment cored: 
Depth sub-bottom (m): 26.2 
Nature: Foraminifer-nannofossil ooze 
Age: early Quaternary 

Basement: Not reached 

SITE 590 HOLE CORE 1 CORED INTERVAL 0.0 7.0 m 

z z 

z z 

FOSSIL 
CHARACTER 

A 

A 

5Y7n. 

t • -, SYR8/1 

risv111 
i, 

I • 5Y6/I 

7 

LITHOLOGIC DESCRIPTION 

FORAMINIFER-NANNOFOSSIL OOZE. yellowilh l'IV 

(011:idiNdl ION. IO~- No obwiou1 bwrowing. COl'ltKtl 

•ad.ltion1I. 

FORAMINIFER-NANNOFOSSIL OOZE, light oli" ·•Y 
(5Y8()1,IOlt. 

FORAMINIFER-8EARING NANNOFOSSIL OOZE, light 
gray iNBI. sof1. no D1Niou1 burrowing, ocalMONI blelll of 

iron 1Ullidl, COllt-=b grade1ion,I. 

SMEAR SLIDE SUMMARY: 
t22 1,80 1,1324,71 $.l."12,49 
D O O 0 D M 

C 
A 
A 

A 
A 

C 
C 

A 

C 
A 

C 

C 

A 

C 
A 
A 

" C 

D 

C 
D 

C 
A 
A 

A 
A 
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HOLE 591A 

Date occupied: 20 December 1982 

Date dep4rted: 22 December 1982 

Time on hole: 37 hr. 

Position: 31°35.06'S; 164°26.92'E 

Water depth (sea level; corrected m, echo-sounding): 2131 
Water depth (rig floor; corrected m, echo-sounding): 2141 

Bottom felt (m, drill pipe): 2142.9 

Penetration (m): 284.6 

Number of cores: 30 

Total length of cored section (m): 284.6 

Total core recovered (m): 233.15 

Core recovery (%): 81.9 

Oldest sediment cored: 
Depth sub-bottom (m): 284.6 
Nature: Nannofossil ooze 
Age: Early late Miocene 
Measured velocity (km/s): 1.656 km/sat 249 m 
Shear strength: 145 g/cm2 at 248 m; 

greater than 250 g/cm2 below 

Basement: Not reached 
SITE 191 HOLE A CORE 1 CORED INTERVAL a.- 2 n1 .. Fmml i 

:i CHARACTER 

11 i I z ,c ;~ .. D GRAPHIC LITHOLOGIC DESCRIPTION 
i .. 0 • t; I!! LITHOLOGY 
:, ~N f . 

I r !ii i = I II I:: 
0 I ii :iii 

..L ..L I 
• :: IOYA 412 , .J..._._..L_._ ~' FORAMINIFER-BEAFIING NANNOFOSSIL OOZE. Nie 

..,. ...&.......L......L...L. 

'rj • -10YRl/8 
yell~ brown C10YR 1/41, &Oh, in1«1Mly biot:urNNd. 

0 ..L ..L 
with biolurblltad intetbKI of daft. yellowittl brOM1 (1DYR 

1 h ..L...1...-'-..1...· 

;1 
4121. 5eqwnct hN .-ious llinl hun of "91'lowr brOWIII 

h ..L-'-.._-'- 110YRI. Contact witf'I underlying FORAAtlNIFER·BEAR-

1.0-- h ..L _._..1-..L N8 
ING NANl'IIOFOSSIL OOZE ti Wrp with• di11lnc1 ..... 

I 12 ml'l'I did. I of mr• yellowi1h o,•n9' (10YFI 11191. 
r, -'-....L... ...L. ..L.. 11 ..L ..L . 
~ ..L ..L 

~~ ....... ..L I FORAMltr.llFER-BEAAING NANNOFOSSIL OOZE. litht 
h -'- ..L I fl•v IN71 811d wry ..,,, .... IN81 color cvdft. toh. ~ ...... .,__ 
rr ..L ...... II tentely booturbatlld. Stre.e!!I of d•k •• ., CN31 N'on suHkln 

-h ..L_._-'-...L. 
>-' 

com,non d'lrOUfhout. A few mo11Je1 of F•Yilh yel,-
...... ..L i, grNn ('5,(iY 7/21 occur. Colo, cycles becoml fMdium litlf'l1 h 
..L. :::-L-~ 2 h N7 

gray IN&I in S.C,ian 3. Fining upward inwrbld OC:CUl"I in 

- rr ..l....L. ...L..L '1 
Sec1ion 5 Mth C08f'W"9"8ined. uh-,ich bale. 

rr ..L...L....L.....L SMEAR SLI_OE SUMMARY: 
..l....-'-...L...L -- M 

"T ,, NS '-,. 3, 61 4.48 .... 5.69 

..L.-'--'-..L.. ~ M 0 D M M 
...,__ ..L ~ N6 CoffipO,l.·?oOn: 

"T ..I... ...... 

't NS au.n, - - - - T ............. 
:,- ...... ..L • ::~t12

Adl 

feldllW T T T T T ...... .,__ - "T ..I... ..L ~ H11wy_,,.,_., T - - T -
,. ~ ..L. ~..L. 

Yolcame fau - C - C • 3 u. NS Fotamifli,..._ C C R C -
"T ..L ..L 

~ 
~ H& 

C■lc.fWY'O(onill • A A • -- "T ..I... ...1...-'-..I... 

r ~•O>CU'-1 T - - - -
"T ..I....,__ ..L .,__ N7 

J 
..J....:..L-....L....l.... r, ~ HS -- :::: ..L ..L ...... ..L J._ N7 

.,. ~..L.~..L.. 'I HS 

_-r-'-~-'-~ _:. 
~ 

• ~~__._..I....,__ ..L I N7 

~
.J-..L..J--L.. 

-~ 

•SG8/1 - ...... ..,__ 
h 

;n1-,mixed 
...,__ ..L 

I .L.. ..L 11 IT _._ .,__ 
..L .,1_-'-..L. NS 

rr ..L-'-..i... ..,__ I 

rr :!=-L~ ..L. i' ~ 

-rr _._:..a... _J _ _-1..... -,,, . 5CiV7/2.ash 

t"T~ ..L.-'-........ 'r 
. 

f-< 
5 1-r ...... ..L I __._ .,__ 

-r-, ..I... ..L I 
"T -'-..L.-'-...L I 
"T ~..L.:::...L 

11 .. ..L....L.. ..I... 

"T ..L...L...L..L I 
"T ..J...:..i....-'-...a..... I -, ..L-L...L.J..... 

1, 

I 6 "T .J..... ..1--'-..L.. 
...,__ --'-

- ""T 
..I... ..L I • , -'-..L.-'--'-

1'"'8' Ii , ...... ..L...,__..L 

- ..L ..L-'--'-
0 

.z oz ...L~..L I 
A A a: 
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HOLE 592 

Date occupied: 25 December 1982 

Date departed: 27 December 1982 

Time on hole: 46.5 hr. 

Position: 36°28.40'S; 165°26.53'E 

Water depth (sea level; corrected m, echo-sounding): 1088 m 

Water depth (rig floor; corrected m, echo-sounding): 1098 m 

Bottom felt (m, drill pipe): 1099 

Penetration (m): 388.5 

Number of cores: 41 

Total length of cored section (m): 388.5 

Total core recovered (m): 340.12 

Core recovery (%): 87 .5 

Oldest sediment cored: 
Depth sub-bottom (m): 388.5 
Nature: Nannofossil chalk 
Age: Middle late Eocene (Kaiatan Stage of New Zealand) 
Measured velocity (km/s): 1.807 km/s at 383 m 
Shear strength: 350 g/cm2 at 353 m; 

greater values below 

Basement: Not reached 
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SITE 692 
u 
i 

~ ,~ 8 •w 
CIC!: ~~ 
;~ aN 

~ 0 

! 
t 
j 

!..._ 

z 
z 

;; 
z z 

.i e--
t ·z 
<:jZ 

HOLE 

FOSSIL 
CHARACTER 

• I • 

CORE 1 CORED INTERVAL 0.0-4.5 m 

Ii GRAPHIC 
LITHOLOGY 

-,- .... .L. 
.L. .J. 

.L. .L. 

0~ -,-.l....J_..LJ. 

-,-...1....L-L....L 
.,.. .J.. .J.. 

.L. .J. 

1.~:;=·~-1-1...J. 

.,.. J...::1::...1...~ 

1---+-----l-r J...-1-..J_ -I.. 
.J. .L 

-,- .L ..I. 
-,- .L. .L. 

---1-,-...L..L....J......L 

-,- -L~ ..L ~ 
,-J....L..J....J. 

--1-r- ..L ..J.. 

-,- ...L~..J... ~ 
-,- .J.. .L 

~ ... ....L.1...L~ 
.J. .L ..,.. .L ..J. 
.J. ..L. 

--1• ....L. ....L 
-r--'-..L.. ..1.......1. 

-,- --'- .l... ..L...J. 
T"-L.J_..L..J. U-l-r-'--.1..-'--..1 
,- .J.. .L. 

,.c:__..2j I 

a= 
!! ru J 
1--

lOYR 6/2 toSYR 8/1 

lOY 612 

\.- IOY 6/2 mo111o1 } 
f-- IOY 617 N8 
-. IOY 6/2 

I- N7 

t l0Y6f'2 

IOY 11/2 + N7 

--. IOY 6/2 

-10Y6/'1 

NB 
~IOY8/2 

E10Y6/2 

10Y 612 

IOY 6/2 • N6 py. 

lOVA/2 

I NB 

LITHOLOGIC DESCRIPTION 

FORAMINI FER-BEARING 120"41 NANNOFOSSI L OOZE, 
vtry p,1, oran91 (10YR 8/2) to plnklth guy 15YR 8/11 
Mlh,m111iv1.o•idi11d1vbunil. 

FORAMINIFEA-8EARING 111-20'!1.I NANNOFOSSIL 
OOZE, 1l11rn1tlng avbdomln1n1 pale OIIYI (10Y e/21 
1nd domin1n1 lil/'tl g,ey IN71 to "''V lllftt g,ay (NIii unllt, 
1011, mmiwe with occ,ulon,1 p,1111 olive (IOY e121 burrow 
monlu and medium ll'IV INS) pytill 1trukt, diflUII con­
lKU with hon 0011. 

SMEAA SLIDE SUMMARY: 

Totv11: 

S.11 
Cl1y 
Compo1,t•on: 
Ou111t 
Volun,cglnt 
Fo,1minil111 

C.lc. n1nnoloui1t 
Oit1om1 
R1diol1ri1n1 
Sponge 1picul11 
Othu 

'·' D 

A 
D 

T 
,_ 

C 
D 

1,S5 2.22 2,79 
D D D 

A A A 

- T 
C C 
D D D 

SITE 582 HOLE CORE CORED INTERVAL 4.5-14.1 m 

~ FOSSIL 

~ I~ CHARACTER 

8 ~w r ~ • ~1 a::1- -~ "' i -

~!§NI I ~ ! g 
;: ~ ~ I n 

I 

.. z z 

I 

I 
ti 

1 
l 
l~I 
'='I; 

A 

.,. 

GRAPHIC 
LITHOLOGY 

T-L~ _,_ ..... 
0 .J...~ 

.L .J.. 
J_..cl 

LH .L_,__ 

.J.. .J.. 
.J.. 
_,_.L 

.L. .L 

_,_.J.. 

.L.-'­

.L .J.. 
.L 

.L .J.. 

..L..J. 

.L .L 

..,_ .J.. 

.J.. 

.L .L 
.L. .L 

ii~: 

UUi 
E

,oven 

IOY 612 
NB 
10Y 6/2 

NB 
IOY6/2 

N8-N9 

NB 

IOYB/'2 

N7-NB 

..L ..L. IOY6/2 

~~ -:;_, 
J_ ..L. IOY6/2 

..L. N8 

J.. 
..,_ .J.. 
.J.. 
_,__..._ 

.J.. .J.. 

.J.. .J.. 

.L~ 

.L. .L 
.L .J.. 
.L .J.. 
.L .L 
.J.. .J.. 
.J.. 

J._~I 
.J.. 
..,_ .J.. 

.L. .L. 

..,_..L. 
.J.. 

.L .L. 

.L .L 
.L .L 
..,_ .L. 
.J.. 
.J.. _,_ 

.J.. .L 
..,_ .J.. 
..,_ .L. 
_,_ _,_ 

7:1:•· 

1--

1--

>-

N9 

NB 

IOYB/2 

NB 

IOYB/2 

NB 

10Y6/2 

N8 

~N6 
NB 

NB 

NB 

IOY8/2 

NS 

LITHOLOGIC DESCRIPTION 

FORAMINIFER-BEARING NANNOfOSSll OOZE. 1011, 
very 1,---\ v••v (N81 Ind Wh,11 (N91 10 p.111 01, .... !IOY 
6/21, cont1c11 g,1dlt1on1I, 11on 1ull,d1 bl1t. Incl 11r11k1 
(N61; ,n thl PIii ohwl par11 mo,, wolc,n,c uh !1-5..,). 
whiu (N91 i,.rt ,n S.Ct,on 6 '- NANNOFOSSll OOZE 

SMEAR SLIOE SUMMARY 

2, 35 2. 103 6. 122 
D D D 

Compo1,1,on 
Volcen,cglu1 
Pyr,11 
Fo,1m,n,ler1 

C11c. n1nnofo11il1 A 
0,htr 

II) 
(.) 
ct) 



SITE 592 HOLE CORE 

FOSSIL 

8 
CHARACTER ~- ~ 

I 
i ,. 2 • ~~ ~ ! • ~ 
~ ~ 

A 

l 0.5--

1 

1.0--

--

-
2 

-

---A 

t r 3 
i 
d -

---
4 

-

---A 

-
~ 

~ 5 

-
-
~ 

z ---z 

I 
A 

6 

l -
i j 
C i~ --! 7 

~ z 
"z A A cc 

CORED INTERVAL 14.1-23.7 

GRAPHIC ; ~: LITHOLOGY !Hi= 
~~d 

,- ..J....L.J......L 0 
-'-.L-...L. -L 0 

T 
.J....1....1......L N7-N8 

rr ~~~.J 
rr: ..J.... ...a,_..L_. IOYB/2 

rr_ .J.. .J.. .J.. ...I NB 

...L..L..L ... NI 
r,--
,_ ...l.J.....1....! NB 

....1.. ....L ..J... ..... I rr_ 
.J.. ~ 

NI 
,_ 

..... .L. NB 
,_ ..i....L..L.. ... IOY812 

'· ..J..~..L...i NO 
"'T" ..1. ..... ~ - . N8 

T ...L. ..L.J... -- NB 
-r_ ....L ..L-L ...J 

IOYB/2 ,_ .....L. ..L ...L-
N8 ..,._ ....1..-'-...1..-

....1..:....L..L- 10Y8/2 -r_ ..,._ -1....L ..J...- -
.-. ..1. - N8 

..... ..I.. 

'· '....1... ..L ..L..-
-r_ -L ..L..L- -
-r -L.~...L.-

IOYB/2 -T ...L. .J...- N8 
....L ...a,_-L_ - IOYB/2 

::;::-.....L...L..~- •-
- ..I.. - N8 

·-~...L.,; 

'-~~:!:= -..,._ .J.. 10Y8/2 
"""r, ..J.. .J...-

•-L-L-~..L..= 
NB-N7 .. IOY8/2 ,-_µ..:,__ ..I.. c-

-.µ....L-L- . NB-N7 
I ...L. .J.....J 

IOYB/2 -r-µ... ..L -L-

I ) .. J .. ~ .L: - NB 
.,._ ..J.: ...L ..J..,; 

,1--1,.' ..... - . 
,:-'-:!: ..J...: - 10Y8/2 

.,.. µ._· .L. N8 

,.. µ......J.....L...,.J - IOY8/2 
.,._~ .L ..L ..J 

-r-~~...L.- NB-NI 

""T" ...L. j .. :~ .. -

:;-~ ..L1- .. ~ 6GYB/1 
- .J.. -

-r_~ ~- N8 
•-l--'-..1.. ..,._I-'-.J.. .J..-

.,.._~ .L. 
.. 

,..._ ..L ..L..- 10Y8/2 
,- ..L. -

- ..I.. 

-r-_._- Void 

LITHOLOOIC DESCRIPTION 

FORAMINIFER,BEARING NANNOFOSSIL OOZE, aoh, 
1l11rnulno nty llghl 9,1y INBJ to IIV\t 9r1y (N71 Ind 
p1l1 9r11ni1h y1llow (10Y lnl 10 p1l1 oli .... IIOY 8/2). 
d1rk 1po11 (NB), 1ome b1.1rr0W1 (10Y 8/21. 

SMEAR SLIOE SUMMARY: 
2, 86 ... 106 
0 D 

Composi1ion: 

Volcanlc111111 T T 
Py1i1t T T 
For1minil■ r1 C C 
Cllc. nannolouih A A 

Pl) 

'" 0 



HOLE 593 

Date occupied: 28 December 1982 

Date departed: 30 December 1982 

Time on hole: 2 days, 16 hr. 

Position: 40°30.47 1 S; l67°40.47'E 

Water depth (sea level; corrected m, echo-sounding): 1068 

Water depth (rig floor; corrected m, echo-sounding): 1078 

Bottom felt (m, drill pipe): 1079 

Penetration (m): 571.5 

Number of cores: 60 

Total length of cored section (m): 571.5 

Total core recovered (m): 468.21 

Core recovery(%): 81.9 

Oldest sediment cored: 
Depth sub-bottom (m): 571.5 
Nature: Nannofossil chalk 
Age: Late Eocene 
Measured velocity (km/s): 2.340 km/s at 554 m 

Basement: Not reached 
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SITE 513 HOLE CORE 1 CORED INTERVAL 0.0-6.1 m 

V FOSSIL 
w I CHARACTER 

~► g~ ! ~ ! GRAPHIC ~"' 
1 i ~ O ~ ! i LITHOLOGY z ~ l::; LITHOLOGIC DESCRIPTION r ~N i i g x ~hi ~ 
~ 2 & ~ 9 ~ gt;i5a:' 

111 ... z a: i5 Hit::~ 3 
;;; 1 1....1.... .J... ~ ..L SY1/2 

I A I J_-'-..,,_ _,_ ' FORAMINIFER·BEARING NANNOFOSSIL OOZE, 

O.J "'T J_ ..J._ ..L.. ..L.. I- r,v B/1 1olt, y1llow11h grty t6Y 7f2 Ind SY B/11 In !hi Hru 0.50 m 
"T J_ ..L..... ....L.... ...L ol S.ction I. Then, Mdlm1nl 1how1 1lt1rn1llng 1onu ot 

\ 1 ..J...J_ .J... ..L g.'1y11h yellow g,Hn (SGY 1/21,lighl g,1y IN1), tnd very 
I ..L ..L. SGY 112 llif,1 gray INB) oom. Cir1yl1h ytllow grnn !SGY 7/21 

1.0- "T -1-:=, J .... ,,'~ • burrow1 art pr11tnt. 

"T ..L..L :.L ..L.. SMEAR SLIDE SUMMARY: 

-f-- 1..L....J....J...........1..... 1,20 1,100 2,81 J.JJ 

J- ....L O O 0 
:-T ..L ..L-'-J...... I NJ Comp=1oon: 
_, -'- .J.. CN11u - T - -

- _""T ..L ..J._ .J....-'- t- F1ld1par - ·• T -

l _I J... ..L ..J..... .J.. • NB Volc,nic 91111 T - -
t- ..L ....L.... C.rbon111 un1pte. - T - T 

__ , ....L ..L..... J_ ..L Fo11minil1r1 C C C C 
i .... 7..L..L..L...L SGYJ/2 C,lc.n1nnofouil1 D O O D 
, _, .....L ..L Spong1 1picu1n T - T T 

! _,___ _, :;: ..I...~ ..I... 

A _, ..L~..J.....~ -
_"T ..L ..L 

j __ , ....J...... ..L ..L..-J- NJ 

"T ..J... ..L 
- l ..L-L. 

~7...J.........,I_..L......1.. I 1-

._7 ..&... ..L...._ .J... I 
I _,...l...J....J.....L' NB 

:t II"" 7 _,_ .J.....,__ .J... 

ail --tr~_,_..1....1,_.J... I ii -,.J.......J........L....L -

": 4 ~.J...... ..L..L.. ..L N1 
Cl A A - ...,; :.J..... ......1..... I 

SITE 9 HOLE 
I! ,0111L 

t, 1iw! 

CHAflACUR 

I I I Z ,_ 
lj ~N 

- t; .. !;! 

A 

•I I I 

!il 

II~ 

•I I I 

i J; I I I I I 
.. 

• A I. I I I 

CORE 2 CORED INTERVAL 

Ii I I L~~°6'tci~v I ~l:C ~ I 

'...l.. 

'..L 
....... 

. -'-.J... ...... .,__ 
-'-
'...l.. ..L 

.J.. • ...l.. 
. ..I. 

,~.L 
. ..I. 
..J... 
._,_..L 

t:1·11 I I 

LJJI I -h-il~=;~ II I .I 
...L...J...~.i. 

..L. ..L ...l..~ 
.1.,;....1..... .J......L 

• ..1..:::~-• .,__..L 

:~ II 
I I 

'.J... 

I I ,·~-~J • .,__..L 
...... 

~~~ -'-..... 

M1i§§~ II I I 

I I ::i-.-, ..... -.,__1 

5.1-14,7 m 

NB } 
♦ Mi•1d 

6GY BIi 

NB 

SGYB/2 

NB 

N7 

5GY B/1 

N8 

6GY9/I 

LITHOLOQ1C DESCRIPTION 

FORAMINlfER.BEARING NANNOFOSSIL OOZE, 'f'try 
hghl g,,., !NB). h;hl 9,1, IN]). hQhl I"'"'"" gtl'I !5GY 
1/11. 10 ory 11~1 g,un,1h ~•Y (5GY 9/1) ,nt1rbtd1. 111 
,,.,,h g11d1toon11 COflllCII, aoh Molllt"I IJJpjl!..,! ,n S..:: 
1,on1 5 1nd 6, 01h1rw111 homogentou1 Co<1ng d,11urbent1 
lhrouQhoul. 

SMEAR SLIDE SUMMARY 
,. !HJ J. 78 !i 79 
D D 

Compo1,1,on 
O.mu 
Hu,ymintr,11 
l/olcanicgl111 
Py1111 

For1m1nif111 
C..lc.n1nnolo11ill D 

I\) 

" I\) 



SITE 593 HOLE 

FOSSIL 

8 w 
C ► ~ 

w I CHARACTER 

!~ " 

i 
J 

I 
1 
<i 

& 

z z 

A I A 

CORE 3 CORED INTERVAL 14.7-24.] m 

§ E z 1 • 
~ > 

ORAPH,c I "I"~ LITHOLOGY t-i:;) ~ • 
oH •1 i:; IS 4" 

0 i5:X~ 

,- ...L ....1... ...1......J (. 
-,- ....L.. ....L.. 

....L.. J 0 

OJ
1

~..L.~.J I I ~ J. 
11 "T ...L.. ..L J_.J ~ 

1. ,.. ...1... ...L -1-J or· 
-r ....L.. ...L.. 

,- .l... .:t ...L~ C. 

t-t---i-,-- ~ .L ~...J (J 

-,- ...L.. J 

' ....L.. ..L 
-I-, ,...L ...L.. ...1...-

21 ]·~...L..~: 
T ...L.. ...L.. 

1 ~-L::: ..J...:1 I [-
,..,-'-...1......L...L_ -
-r ..L 

t-+----i .,. ..L ..L. ...L­
T -L..:...i_..J..._ 

]
::;= ~~~: 

31 ~ ...L~...1...-
....L.. ...L..­

T ..L • 
I ..L-'-...J....­

....L.. .J... 
"T ...1... ..L .1....· 

1--+---1 ,.. , ...L -L .J... -

-. ....1... _j:..L­
T ..L J-­

-j1 '...L..L.l...­

•I ::l, ...L..-'-. 

--'-....L..­

T ...L.....1...-L­

T ...J......J......J....-

~ T ...L.. ...L ..J...• 

.1,-1-...L..1...­
,.. ...L.. -L ..L-

-..,.. ..L _j:..1--' 
1,...1... J_-

5 l -i:-.,. ~'.:"t_~~I r-
--r~ ...L....L_ 
-1,...L...1......L_ 

T _._ ....L.. 
., ...L..-'-...L..- I 
"l..J_~..J..,.-

, -'-~ ..1...· I r--
"T ...L.. ...J....- • 

61 1 , ...1... j:..L: I 
.,... , ..L...L ..L ..1.-_ 1· 

., :...i_-L-_ 

, ....L.. ..L 

, ...L ...1... ...1...· I 
....L.. .• 

NJ 
w,lh 
SGY 1n 
monlu 

f--' 
NS 

fa 
NS 
•&GY71'1 

~N6 

I-< 

~ 

NB 

NJ 
I ~GY 7/2 
mo11111 

NS 

- &GY7/2mot111 

•~NS 

"' 

~N1+!iGY7n 

NS 

LITHOLOGIC DESCRIPTION 

FORAMINIFER,BEARING NANNOFOSSIL OOZE, alllf• 

nt1il"l9 colon ol lief,I i,1y (N7), ••v 11W\I ••v INB), l'Mdl• 

um 9r1y (N61, wilh '°''• o,tntully hom0g1n1ou1 grtyllh 
yellow g,,1n 15GY 1/21 moUIII. Pocklll of 1ih-1lch 0011 

u Stchon 2, 100 cm 1nd Slctlon 6, 78 10 88 cm. 

SMEAR SLIDE SUM"4ARY: 

:i. 120 4, 74 6. er, 
D O M 

Coml)(JIIIIOn: 

Ou1rt1 
F1ld1p1r 

Volc1nic11r111 
Pyrill 
Fouminilu, C 
Calc.n1nnolo11il1 A 

C 
D 

SITE 693 HOLE 

~ FOSSIL 

w CHARACTER 

8 ~w I ~ I E ► 

1~ ;::g 

! I :" i I i 

r 
~ 

-

t 
di 

A A 

CORE 4 CORED INTERVAL 24.3-33.7 m 

~ . iS i E GRAPHIC g i LITHOLOGY 

:E! ~ 
Ud 

T ..... ~...L 
..J.. .J NS 

r ...L ...L 

0.5- :r -'--'-...L.J 

T -L...t....J....J 
1 ..L...L....L.J T" 

I.I>- -L .J.. -'-.J ~ 6GY 7/J. mo11111 T 
..L. ..L. ..LJ -· .,... 
µ... -'--...L.. J . -- -r_ -'-...L.. _._.J .,..._ 
.J... ..J... .J...J ,_ ....L.. ., ,_ ..... ...L o- -Pock11oflor1m1 - ~~~~ r 

2 :r ,_ .J....J...J...J NS - .J.. .J ,_ ..L..L ..L. 

-r_ 
~..L~~ -- .,... 
µ... ..L...L J ; .... i__ Pocht of loum1 -,_ 
..J...-'-...1...-' NJ 

·" :.._ Podl1tolfor1m1 - -;r: :-'j:-#:: ·-!.:,. i·~ :-;~ . .J NS 
3 -· 

1-'-...L~ 
N7 

-r ~~ 
:-r_ J.. ..L. ~ 

IW 
-r_ ,-..L- 6GY7/J.monl11 

...L. ...L.. .,..._ 
..L.J....J... .. -- -i _,_ 
:..&...-'-..&...- NS ,_ 
.J...-'-.J.: -- H 

4 - 60Y7/2uhf11 

~.'.J....J.....L..,,,. -- µ N7 

- ~-~~-'-...L - • -Ash(11 -.~. -Alhl11 

:r ........ NB -- ,.. ...L.....J.......L. 

-r ..1..-'-...1..: 
T ..,:..L..J.; 

H - ,- ..1...~.i.. H &GY712miud 
r wlthN7 

s ~- -'-..L.-'-
T_ .l.....1...-L N7 - -,-_ :.L -'- I :-r-_ ..L. ..L. ...L NH 
T" ...J....-'-.J.... -- T ....L.. ...L.. ...L.. 
-r_ ......:-'-...L.. - f-iN7with 
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SITE 593 HOLE CORE 5 CORED INTERVAL 33.9-43.5 m 
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HOLE 594 

Date occupied: 3 January 1983 

Date departed: 5 January 1983 

Time on hole: 52 hr. 

Position: 45°31.41 'S; 174°56.88 'E 

Water depth (sea level; corrected m, echo-sounding): 1204 

Water depth (rig floor; corrected m, echo-sounding): 1214 

Bottom felt (m, drill pipe): 1211 

Penetration (m): 505.1 

Number of cores: 53 

Total length of cored section (m): 505.1 

Total core recovered (m): 299.72 

Core recovery (%): 59.3 

Oldest sediment cored: 
Depth sub-bottom (m): 505.1 
Nature: Nannofossil ooze ' 
Age: Late early Miocene , 
Measured velocity (km/s): 1.646 at 487 m 

Basement: Not reached 
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Figure I.1. ·Photographs of core 594, showing distinct alternating 
colour sequences (discussed in Nelson et al., 1986). 





HOLE 594B 

Date occupied: 7 January 1983 

Date departed: 7 January 1983 

Time on hole: 8 hr., 8 min. 

Position: 45°31.41 'S; 174°56.88'E 

Water depth (sea level; corrected m, echo-sounding): 1204 

Water depth (rig floor; corrected m, echo-sounding): 1214 

Bottom felt (m, drill pipe): 1212.2 

Penetration (m): 42.9 

Number of cores: 5 

Total length of cored section (m): 42.9 
' .Total core recovered (m): 34.18 

-Core recovery (%): 79.6 

Oldest sediment cored: 
Depth sub-bottom (m): 42.9 
Nature: Hemipelagic ooze 
Age: Quaternary 
Measured velocity (km/s): 2.106 at 622 m 

Basement: Not reached 
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Figure 1.2. Photographs of Core 5948 .. Core number 2 was used in this 
study to fill the gap in 594 over stage Se. 
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580 

0-29.5 C.."""-5 

29.5-77.0 

77-84 

84-117 

117-381 

Samples 

Light olive grey (Sy 6/1) pelagic ooze; crudely & 
irregularly laminated, bioturbated. 

Greenish grey (5gy 6/1), broadly and irregularly 
laminated; bioturbated. Fine sand turbidites at 
48, 52. Sediment mainly pelagic ooze. 

Gr~enish grey (Sgy 5/1), hemipelagic ooze. Could 
be mud turbidite. Bioturbated. 

Greenish grey (Sgy 5/1), pelagic at top grading 
down to slightly hemiterrigenous at base. 
Fine sand turbidite at 104. 

Medium bluish grey (SB 5/1), monotonous, faintly 
laminated herniterrigenous mud; turbidite sand 
at 180-184. 

• NZOI BIO 
2-4 0-2 
25-27 27-28.5 
29-31 31-33 
51-53 55-57 
53.5-55 73-75 
71.5-73 84.5-86 
86-88 119-121 
117-119 181.5-183 
179-181. S 273.5-276 
271. 5-273. S 371-373 
373-375 

189-190.S 190.5-192 
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Ho lo c.e"'e.. 

l...c1.:,'"l • 

S lo..c. \ o.f~o \\ 

QS8S 

0-19 cm 

19-142 

I 
I 
I 

142-191 

ct lo..c),o,.\? 191-198. s 

• 198.5-206.5 

Samples 

YclJO\•.'ish bro,in (10 yR S/2), mud-hernipc]agic 
bioturta t c.d 8.,1d h ca,,i 1 y mottled with 
Jjght olive r,rcy (Sy 6/1) pcl,1gic ;ii: 1 d. 

Greenish grey (SGy 5/1) hernipelagic mud 
gra<ling do~1 core to greenish grey (5 gy 6/1). 
Faintly mottled. 
Thin, faint. ash horizons at 24 cm, 29 cm. 

. Predominently yel low1si1 grey (Sy fl/1) fcr:=!m 
ooze with beds and lenses of greenish grey 
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(5 gy 5/1) 'hemipelag;ic mud with sharp contacts - nay 
be mud turbidit.es. Hemipelagic horizons at 140-142; 
167-168; 184-185, 187-191. 

Massive greenish grey (5 gy 5/1) hemip~lagic 
silt with ~S . of· ash at 191. 5-193. 

Light bluish grey (5 B 7/1) clay with rnediurn 
bluish laminae at 199 & 205. 

• NZOI 
/ 3.5-5.5 

20-22 
24 Ash 
29 Ash 
92-94 
133-135 
160-162.5 

- 191-193 Ash 
196.5-197.5 
201.5-203 

141-143 

only 

BIO 
1.5-3.5 
22-23.5 
60-63 
90.5-92 
131-133 
162.5-164.5 
185-187 
188-190 
194.5-196.5 
199. 5-201·. 5 

143-145.5 



0-70 111111 

70-845 mm 

845-1905 mm 

Length l .905 m 

Medium yellowish brown (10 YR 5/2) mud with lt. ol. 
grey (5 y 6/l) lamination (9 m) 40-60 mm 
and dusky yellowish brown (10 YR 2/2) lamination at 
30-35 mm. Laminae contacts diffuse and probably 
bioturbated. 

Lt. ol. grey (5 y 6/1) mud, mottled. At 120-130 mm, 
lt. grey ash horizon, bedded. At 215 mm dark grey 
inclusion, not bedded ash?? o? 
At 600-860 mm, diffuse lamination and probable thin, 
silty laminae. 

Lt. 01. grey (5 Y 5/2) massive mud. 
At 970 mm, lt grey ash horizon 5 mm thick. 
At 1270 mm, pumice granule. O 
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\,fcil-1•re.servcd le.st, nf for:1111inifera, moslly planktonic species, make up most of lhe 
.s;111d frnrlion in al! s,d,samples nf this core. The·samc planklonic species occur in sub­
s.1rnple., 1-•l(J, the 111Pst nbundant heing c;/uborot,t!i,1 i11fl,11,1 (d'Orhigny), Globorotd!id 
t11mr,1t11/i,1oi.ln (d'Orbip1y), c;/ol,,,.,·otali,1 rrm.r11/,1 Cushman & Stewart, Globigerind 
/ 1,1rhrtlc,·md Ehrc11bcr.i:. G"iobo,,:1:1tlri11:1 d11terlrci (d'Orhi,{!ny), and Orb11/i11,z tmiverM 
d'Orbigny. ~pccimcns nf G. ,/11:er/rfi arc most common in subsamples 1, 3, and 5 
(13-19%). In all nil,cr suh.sampks it fnrrm less lhan 10% of the total number c•f 
spcci111l'l1.s. /'11/1'-11i,11i1J,1 ohli,111i/orn/.11t1 (l'nrker & Jones) occurs in eveq• subsample 
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s1Jhs.1111p/r.1 I, .'\, ,J. and J ii is prrater tlwn 3% 'nnd in subsample 2 is 1%. In sub­
samples (i-10 it is less than 3~-~- Glohorotrt'i,1 t11111id,1 (Brady), although less common, 
ha., " similar pcrce11t:1,f!e abundance curve to P. ohliq11i/ornlrt1d (Fig, 10), It is most 
abund:1111· in subsamples 3, ri, 5, and 8. The percentage abundance curve of Globigeri11a 
/ 1r1rhJJcm1,1 is the reverse of that for Globoq1tddri11a dutertrei, P. obliq1tilornl,1tt1, and 
<~'/nbo,nt,1/ia l1nnitlr1. It is les.s than (,% in subsamples 1-~ and, apart from sub~,unple 8 
(5~~) .. sub~arnplcs 6--10 arc i;rcatcr than 10%. 

Si'ccimen.s of (,'/nfmrot,,/ia lrt111rt1lu!i1Joirle.r arc mostly right-cnilecl (97%-79%) in 
s11h.\;u11plc-s 1-H :11Jd dnmi11:inlly lcft-coilc<l (82% and 87%) in subsamples 9 a11d 10. 

The fpr,1111inifrr,il f;lllnn in .~ub.~amplc I I comists m:iinly of specin1ens of 
(,'foborol,1/i,1 111i,Jt11111iJ,1 knkin.s with fewer numbers of spl'cimens of G/obi,.er111d 
1:c/1w1her 'J'ridd, Cin/·01:ot,tli,1 fl!ffO/lf111idn B:inner &. I:\low, and Sj1h<1eroidi11c/l{f 
.rtth,/rl,,i.1rc11J ll:ow. ThC'5C .spC'ric.1 indicate a Middle to Upper Miocene age. 

Di.rr11.r.rion 

Tlic sc,!imcnls of lhi.s rnrc arc tn,ically pelagic i11 or1g1n an<l have no l<:rri,('.rnous 
c1,111p,,11c111,. IJasrd <,11 pertmt:1ge abundances of warm- and cold-waler planktrinic 
fnrami11ifcra, t"·o zones mar be recognised. The upper zone (0-175 cm) is charnclcr­
i.sC'd h)' 1 c-lativelr hi_gh pcrccnt;i,cc.s of (,'/oboq11,1drina d11tertrei, P. obliq11i/ornlatd, and 
(,'inhornt,1/ic1 111111id,1 which indie;1te a clinrntc similar to that of toda)', In the zone 
I 7Y-.~ I;-; rn1 these w;irnJ•\\·nter .species arc less common and there is an increase in per­
cml.1gc ab1111d;Jflre of cnid-waler (,'/11hi,~eri1111 pd,h)'derma indicating a climate colder 
lii.1n th,11 11{ the pcririd rcpre.srnted by the upper 7.one. This cliange in climate is 
u,midcrcd tn rrirrespond tn the end n( the last glacial period at approximately 
l 1.000 \'C:IIS f1. l'. 

l(,1dinr;11hn11 an,ilp~., ,11 2·~·-7•:;cm nnd 306-312cm give elates of 6,170±n 
:111d 1·1. 700 ••1: 1,1 ',IJ rr rc.,pcclivclr, before 1950. Sedimentation r.itcs have been 
c,:rnL,bl frnm ll1e,,e rl:ites ;111d the I 1,000 rr B.l'. elate by the method usccl by 
13rnc<kcr ct. ,ti. ( 195H) (T;ihlr Ii). The upper zone accumulated at an average 
r;1ic nf .'Vi·2 •.1:0•5rn1 /'l'r J,000yr rrn11p:1rcd with 5·6 ± 0·3cm per 1,000 yr for 
1i1c lmvcr 1n11e. The high r;ilc of scdimcntntinn in the upper zone is considered to 
ht' rcl,1tcd to ihc pnsitirn1 nf tl1r rnrt'. ,·il., from the foot of the western slope of the 
l.11rd I Jm"c J,i.sc where scd,mrnl from sp,ismorlic submarine slumps probably arcumu­
lalrs. 

To si1tnmari.sr, the UJ'pcr 175 cm is Hnlnccne in agC', the zone represented at 
I 7 ~-- .1 Is nn i, upj'ermost Plci1tPrc11e ( 1:ist ,(!laciation); and the zone repre~C'nled 
:,t \IH ,,f(,c111 1.s i\f,dcllc In lipj>cr f\liol'ene in :igc. 

Z2108 Lcnglh of core: 421 cm Figs. 9, IO Tables 9, IO 

Strli111e1JIJ 

Cplnur difference.~. althou,d1 slight, arc sullicicnt to distinguish between light 
nl1ve grcr l.1yers nllcrnat,111,: with yellowish grci• layers. The bnundarics arc gradual 
.11,d /1,,s I" a ,i::rc,1/ cxtcnl is caused hy ihe artivitr of burrowin,1-! org.1nis111s. Worm 
hu1n,w~ ;1rc r-rc',c:11 wil/1 f("'n. cxccrrirn~ rhrnu_chf,ut the c0rc.- and the,· .1~1 seein 
,,, l,.,v,::- .Ill t1rit·n:.d!1~r1 rrdcrcnrc fn)rn hPrizpnfal t\) ~ul-,-horizontal. 

I 
I 
l 

l 

l 
-~ 

i 
1 

,,._ . .. . . . . . . . .._, .. ~..,. ...,.~,. ,_..._.,~,.~ uJ.; 

c.c-i,o) 
TAHl.ll 9-Localit)' D~l:1 nnd Seclimcnt l'arn111ctcrs for Core Z2108 

(s)'mbols and abbreviations as in Table 1) 

C'lrf!it Z:?:OH (nl'II l1/h-lf\R) 

r.11111.wlr> J ,,111•. I 1.11,lr- ll••pl i1 (111) I.,.,,: I h ( rrn) 

~')0:•J I 5 Jl';lnJ7 • r, J l1/1Jl .'1.?I 

f:11ll!"llrnpl" ~nmplr- r.•n r.-,111111· n,. '".r Sk\ Kr. ;<.rncoJ 

n r---;:,;:7 I 0~-2 :,Y I/~ :.. 71 J. 'Ill o.n:; 1.no 9) 

·1 
"·JI• :! 116-118 ~y t;/ I r..,,t :J, 111 o, 11, 1,0j 

~-

10n ~ ,111.p. ~ ~/7-<JI} ~r r.,,, (,. '.>'~ J. 1 (1 -n.nr O,R(i 87 

.?.:.r:._- ,, I J10- I 112 )Y Ii I I (,,Io :!.06 ... o,::>:? 1.02 Rl1 

:!OO r ", P• 
f 9fJ-1 ~12 :,r '7 /I 6. oi J, :,n 0.11 o,H) ?I 

P • P• (, :!~A-~)fl '.iY 7/1 6.:'!11 ~,Ofl n, 1(, n.M R9 

:,on I-"· I'• • ;- ;:t~R-'.)()O .'iY i/1 7' ,,;, J . .:?7 -n,n1, O. ~I RO 

~

lj• 

R :IJ'i-JTi '.,'i (, /I 6. 77 :?,'ll -0 ,Qfl t).~/1 Ro 

-,.- - ~ :1.'i.:? ... JJl1 '.•Y 1'/1 Ii, '.IJ J. 7A -0 ,n1, n,R7 R7 

''"" -~ 1n '}II'.\- )11 r, o;y (,/ I Ii, 1,7 '.).111 -0 ,('Ir, n,FC9 ?6 

P· II l11 !>.l1~1 :;r A /I 'i,R7 ~•JI -0, JI l,O"i !'7 

The sediment, a foramini{eral ooze to foraminiferal sand, falls entire!)' within 
the sandy pclite range, with silt/clay ratios of 0·7/1-3· 1/l, but only two subsamples, 
2 ancl 11, have ratios greater than 1·0/1, viz., 1·6/1 an<l 3·1/1 respectively. The 
proportion of sand, however, is fairly consistent throughout at 19%-29%, with the 
exception of a relatively liner zone betwc·cn approximately 265 an<l 350 cm which 
bns only 13% and 16% for subsamples 7 and 8 respectively. The mean diameters 
var)' bctwern ~·71¢, and ,;,lJ2q, (t<Jµ111 and H1un; i.e., they Lill within lhe liner 
silt grncles). Snhsample 7 with M.1, = 7·"i5~\ or 61,111 is, hnwcver, on an avera,{!e 
liner and falls nrarer the clay range. The sorting ol this c0re is again very poor, 
with standard deviatinns rangini; frum 2 • 31 ¢, to .'I· 78¢. Skewness values vary between 
-0·31 and 0· 16; the bottom of lhc core has the !!rc,1test a.symmetric tendency and 
is ~trongly coarse skcweJ. Kurtosis va\11(', indicate the distributions tCI be dominantly 
nC'ar normal (Gaus~ian) to slightly (!;it curved. Carbonate content is high (84%-
97%) and therc is an indication thal· the I ighter colour shades reflect relatively 
higher carbonate percentages. Two modes, respectively around 9¢ and ,t • 5¢ (2µm 
and 4•lµm) arc persistent throughout the cmc, w;th a dominance of the clay mode 
over the silt mode, but subsamples I, ,I. '.), 10, and 11 have a subsidiary mode in the 
250-3501,m or medium sand range. Concentratccl around the 3)0 cm mark, but 
also in a few other places, then• a•~ pock.-t.s of medium to coarse fornminiferal sand 
(faecal pellets?), whose uneven di~trifrntion is most likely related to the selective 
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Chapter One 

Corrections and Additions to D.Phil. Thesis 
Following Comment by the Examiners 

p6 Diatoms: These are widespread, although not found in great 
abundance, and may be found throughout the Southern Indian, 
Atlantic and Pacific Oceans, as well as in the Southern Ocean (Lisitzin, 
1972). In addition they have been found useful as 
palaeoceanographic tools (e.g. Burckle, 1983). 

p9 4) By-product gases interfere with, rather than block, the 
detection of CO2. 

p16 Line 1 should refer to a sea depth, not level, of 3.8km. 

p20 The numbering of the more recent stages by Williams et al. 
(1988) has been shown to be incorrect (Ruddiman, in prep.). 

p22 It was not meant to imply that Milankovitch knew anything of 
the possible applications of his orbital theory to 818 0 results as he 
preceded them by nearly twenty years. 

p28 Line 16/17 ............ which modified the abyssal circulation 
through the Verna Channel into the Pacific. 

Chapter Two 
Figure 2.2. This represents only an idealised view of the structure 
of the oceans in the vicinity of New Zealand, but is useful for _ 
envisaging the relative positions of the water masses. An additional 
Figure (2.2a) extends this picture up to the Lord Howe Rise. Precise 
palaeoceanographic information was derived from charts. 

It must be noted that Heath (1985) has stated that NADW is 
sufficiently modified to take on a new title of Pacific Deep Water 
(referred to as Deep Water in this thesis). 

p47 Further additional references whose work provides useful 
background to the region of study, are those of: 
Warren, B.A.(1973): Transpacific hydrographic sections at Lats. 
43°S and 2a0 s. The SCORPIO Expedition 11. Deep Sea Research 20 
9-38. 
Garner (1962): NZOI Memoir #9. 
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'Figure U"-:fhe generalized circulation of subsurface water masses in the southwest Pacific, showing the 
relationship between Antarctic Intermediate Water (AAIW) and the topographic expression of Lord 
Howe Rise (modified after Knox, 1970). FP.c:,t-o\ l<f!Nr.Jtf·r·r e-r (.)L • {1 "18'6.) pll S-7 1101,..:CC 



p51 The original source of Figure 2.5 is: Stommel,H. (1958): The 
abyssal circulation (letter). Deep Sea Research .5_80-82. (figure 2), 
and is relevant to both deep water and bottom water circulation. 

p53 Information from #4 and #5 was drawn from Heath (1985). 

p67 The dates in Table 2.1 should be ignored. The ages of the New 
Zealand sub-stages relevant to this study are shown in the more 
recent Figure 2.15. 

p68 No reference was made in the thesis to the work of Stewart 
and Neall (1984), who noted high accumulation rates of both quartz 
and carbonate during the last glacial, declining at 14 700y B.P. as 
the glacial westerly wind intensity decreased. They suggest 
accelerated fluvial transport from the mountains (and increased 
dust transport) before the decline of the polar westerlies from 
14700 to 16200y B. P. 

Their work centred on Core P69 off the east coast of North 
Island, slightly to the southwest of Q858 (in this study). 

Increased wind erosion from arid regions during cold periods 
was proposed. Increased glacial upwelling (caused by the strong 
winds) was also suggested to result in increased glacial 
productivity (relative to interg lacials). 

p72 No outline of the sedimentaary environment has been made, 
and it was felt that this would have been helpful. The reader is 
referred to the NZOI Chart (1982) of the Bounty Trough 
(1 ;1,000,000), and to the rough figure included in these notes _ 
provided by Dr Lionel Carter (precise reference unknown). Dr Carter 
has pointed out that the positioning of 594 on a terrigenous-covered 
bathymetric bulge north of the Mernoo Saddle would suggest 
increased deposition at this site (compared to other Bounty Trough 
sites) as sediment moved through the Saddle. 

Chapter Three 
p80 Figure 3.1 Contour line marks 1 000m. 

Chapter Four 
p127 Due to the presence of a gap of 1 m in Core 594, it was 
necessary to request samples from the adjacent Hole 594B. A 
correlation between the two cores thus had to be made, in order to 
select the appropriate depth range in 5948 which corresponded to 
the gap in 594. An initial rough correlation was done by Assoc. Prof. 
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C.S. Nelson, on the basis of similarity of colour stratigraphy (from 
the set of core photographs provided by the DSDP). Enough samples 
were requested to allow frn overlap of the 594/5948 samples, in 
order to permit further refinement of the alignment of the 594 and 
5948 samples. 

The final positioning of the 5948 samples relative to 594 was 
facilitated by the good overlap of the carbonate record. The figures 
produced by Cooke (1988) of the carbonate records off 594 and 
5948 are here presented. The Cooke figure 2.2 shows the 594 and 
5948 carbonate records which were combined to produce the Cooke 
composite figure 2.3. 5948 samples have thus been used over the 
section 14.52-15 .. 53m sub-bottom depth in the record from Site 
594. 

p115 During the course of analysis of Core 593 problems (probably 
instrumental) occurred with the analysis of planktonic foraminifera 
from the section of core from 6 to ,15m sub-bottom depth. The first 
results obtained from this section were at variance with other cores 
of comparable age and location (extremely light o18Q), and 
consequently it was reanalysed twice. As the results of these last 
two analyses were in good agreement they were then averaged to 
give the value for planktonic 8180 and o13c in Table 4.7 over the 
section of core in question. 

• --- p133 Some of the discussion in Chapter Five involves the mean 
values of the isotope ratios over the defined isotope stages 
(determined in Section 5.1.1). These mean values were determined 
by eye from the plots of the data presented in the tables of Chapter 
Four. Lines have been drawn on the duplicate plots in the back· of the 
thesis to indicate the way in which the mean was determined. 
These lines give the value and the depth range of the means. 

p160 22108 It must be noted that these stage boundaries are not 
consistent with those presented by Eade and van der Linden (1970) 
who examined the coiling ratios and species distributions of 
organisms from 22108, and proposed the following scheme for the 
core: 
Sub-bottom Depth(m) 0-0.15 0.15-2 2-2.6 2.6-4.1 4.1-4 .. 21 
Relative T As modern cooler warmer cooler major warm 
Sed. rate (cm/ky) 1.4 2.9 4.3 1.2 
They noted increased deposition during glacial times. These 
boundaries between warm and cool periods are not entirely 
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consistent with the isotopic evidence, as the extremely light oxygen 
ratios of the planktonics, already evident above the 2m level would 
be ·in a cool period according to the above scheme. The 2.6m 
transition from cool to warm is consistent in both records, but 
isotope evidence suggests that it was the transition from a major 
warm period. 

p165 Para.3 As the sediments to the west of New Zealand on the 
Lord Howe Rise have accumulated in a region separated from any 
terrestrial sources; it is not surprising that there is little 
glacial/interglacial variation in sedimentation rates. (Although Eade 
and van der Linden do propose a systematic increase in glaciai, 
compared to interglacial, sed. rates. This is not the case if the stage 
boundaries for 22108 are isotopically determined). 

p196 A confusion of terminology arose at this point. The Tasman 
Sea sites should correctly be described as being located on the Lord 
Howe Rise (and not in the Tasman Basin). 

p204 Line 13 ............ global icesheet fluctuations. 

p215 Table 5.23 footnotes 1 and 2 should refer to Bradford and not 
Bradley. In addition East and West are reversed. 

·-------p221 Line 9/1 0 ....... increased upwelling in the eastern equatorial 
Pacific depressing the lysocline. 

p222 Line 20 It is likewise not in agreement with Stewart and 
Neall (1984). Site P69 revealed higher glacial productivity 
(compared to interglacial) possibly related to the increased 
nutrient upwelling caused by the strong glacial winds. It is 
acknowledged that the Site 594 maximum productivity proposed for 
interglacial periods in this thesis is at odds with other literature. 
However, if Cooke (1988) is correct in her assertion of no evident 
dissolution at this Site, then no other suggestion may be put 
forward. 

The migration of the Subtropical Convergence 
A northwards migration of the Subtropical Convergence was 
suggested consistent with the lowering of surface temperatures in 
the vicinity of the Convergence. It has been pointed out that the 
lowering of temperatures could also be adequately explained by a 
compression of the isotherms against the Chatham Rise. This has 



been noted for the Subtropical Convergence elsewhere (Hays,J.D.; 
Logano, J.A.; Shackleton ,N.J.; lrving,G. (1976): Reconstruction of the 
Atlantic and Western Indian Ocean sectors of the 180008.P. 
Antarctic Ocean). Hays et al. (1976) found the Antarctic Polar Front 
to be 70 further north 18000 B.P. compared to its modern position, 
but the position of the Subtropical Convergence was essentially 
unchanged, implying a narrower width of Subantarctic waters and a 
"bunching" of the isotherms. As the Chatham Rise serves to 
physically constrain the positioning of the front, this second 
explanation may oe more feasible. A northwards migration is 
possible, however, in areas like the Mernoo Saddle where there 
would be less topographical constraint. 

Criticism has been made of the assignment of water bodies (Table 
5.14) at the core sites, and this is acknowledged as valid. Some 
suggestion is made in this thesis that changes in AABW would affect 
the sites. Although this may not directly be the case, changes in the 
flow of AABW must ultimately affect the overlying Deep Water. Many 
of the sites lie close to the AAIW/DW boundary, and thus are 
sensitive to changes in Deep Water flow and circulation. 

Additions and Corrections to References 
Anderson,T.F.; Steinmetz,J.C. (1983): Stable isotopes in calcareous 

·• nannofossils: potential applications to deep-sea paleoenvironmental 
reconstructions during the Quaternary. Utrecht Micropaleontological 
Bulletin 30 189-204. 

Berger,W.H.; Killingley,J.S. (1977): Glacial-Holocene transitions in 
deep-sea carbonates: Selective dissolution and the stable isotope 
signal. Science 197 563-566. 

Cuthbertson,A.M. (1985): Stable Isotope Studies of Deep Sea Cores. 
Unpubl. M.Sc. thesis. University of Waikato (N.Z.). 

Epstein,S.; Buchsbaum,R.; Lowenstam,H.A.; Urey,H.C. (1953): Revised 
carbonate-water isotopic temperature scale. Geological Society of 
America Bulletin 64 1315-1326. 

Gardner,J.V.; Hays,J.D. (1976): Responses of sea-surface 
temperature and circulation to global climatic change during the 
past 200,000 years in the east Equatorial Atlantic. Geological 
Society of America Bulletin. Memoir #145. 



Hoefs (1973) is out of alphabetical order. 

MCCartney,M.S. (1977): Subantarctic mode water. In Angel,M. (Ed.) 
Deep-sea Research 24 (supplement) 103-119. 

Nelson, Hendy, Dudley should be 1986a. 

Stewart,R.B.; Neall,V.E. (1984): Chronology of palaeociimatic change 
at the end of the last glaciation. Nature 311 47-48. 

Suggate,R.P.(1978): Geology of New Zealand. Vols.I and II. N.Z. Govt. 
Printing Office. 

Williams,D.F.; Moore,W.S.; Filion R.H. (1981): Role of glacial Arctic 
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