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Abstract

The Southern Ocean lies between the Subtropical Front (STF) at about 45°S
latitude and the continental landmass of Antarctica. It plays an important role in global
climatic and oceanic circulation patterns, and is responsible for production of most water
characteristics below the thermocline. The New Zealand sector of the Southern Ocean
(NZSSO) is situated in a unique position to study past changes in oceanic circulation and
climate from the record preserved in deep-sea sediment cores. Using piston cores
collected from water depths of 461-5100 m by USNS Eltanin during 1968-1972, a
sedimentological, micropaleontological, and stable oxygen and carbon isotope study,
including some radiocarbon dating, has been conducted on the upper 1 m of sediment in
12 cores spanning a latitudinal transect from 52°S to 61°S south of New Zealand. The
transect crosses the modem position of the Subantarctic Front (SAF) at ~56°S and
extends as far as the Antarctic Polar Front (AAPF) at ~63°S.

The study has shown the NZSSO cores must be viewed as two subgroups. The
cores are divided at the SAF into a northern subgroup (north of the SAF) and a southern
subgroup (south of the SAF) on the basis of sedimentary lithologies, textures,
composition and depositional histories. The northern cores are located in the vicinity of
the southern margin of Campbell Plateau and are all highly calcareous (~95%), being
composed of planktic and benthic foraminifera and nannofossils with minimal terrigenous
material content. The northern cores include two textural facies controlled by the dominant
biogenic sediment. Facies A, a muddy sand, is dominated by the Subantarctic
foraminiferal assemblage of Globigerina bulloides, Neogloboquadrina pachyderma
(sinstral and dextral), Globigerinita spp., Globorotalia inflata and Globorotalia
truncatulinoides. Facies B, a sandy mud, is dominated by calcareous nannofossils,
especially Emiliania huxley, Coccolithus spp., and Calcidiscus spp.

The southern subgroup of cores lies in the Southwest Pacific Basin and are
dominated by biogenic siliceous material and common (11-27%) terrigenous material.
They belong to Facies C, a sandy silt, composed mainly of silt-sized frustules of diatoms
and nassellaria radiolaria and terrigenous material (quartz, plagioclase feldspars, biotite
and muscovite). Where calcareous material exists south of the SAF it is composed of an
Antarctic foraminiferal assemblage involving Neogloboquadrina pachyderma (sinstral),
Globigerina bulloides and Globorotalia inflata. All foraminifera of the Antarctic
assemblage show evidence of dissolution. The northern subgroup of cores lies in an
average water depth of 1200 m, while south of the SAF the average water depth of the
cores is 4700 m. The lysocline for the NZSSO is determined at ~3200-4100 m, with a
carbonate compensation depth (CCD) of 4800 m. Any calcareous material south of the



SAF is actively being affected by dissolution which biases the sedimentary record of the
southern subgroup of cores to dissolution resistant organisms (diatoms and radiolaria)

and terrigenous material.

The stable isotope records for the northern NZSSO cores show only a 0.8%o shift
between inferred glacial and interglacial conditions. Smoothing of the record may be due
to bioturbation and/or to extensive sediment reworking by bottom currents, forming rather
condensed sedimentary records, especially during glacial periods. Oxygen isotope stages
back to stage 5 have been suggested in one core (36-42); this places the Last Glacial -
Holocene transition at ~7 cm, stage 2/3 boundary at ~21 cm, stage 3/4 boundary at ~65
cm, and a possible stage 4/5 boundary at ~95 cm downcore. The position of the Last
Glacial and stage 2/3 boundary are confirmed by radiometric dates obtained from the same
northern core: 19,120 +/- 110 yrs BP at 10 cm downcore and 23,900 yrs +/- 200 yrs BP
at 20 cm downcore. Faunal changes in the benthic foraminifera occur near the glacial-
interglacial transitions from Globocassidulina subglobosa-dominated during glacial
periods to common Epistominella exigua during interglacials. Textural facies also show
changes near these transitions, with Facies A characterising glacial periods and Facies B
during interglacial periods. Associated with changes in texture are colour changes which
allow the correlation of the glacial-interglacial transitions across many of the northern
cores. The Last Glacial situation cannot be determined uniquely for the southern subgroup
of cores as they have, to varying degrees, experienced extensive erosion and reworking
during the Late Quaternary or earlier.

Collectively, the data suggest there has not been significant change in oceanic
paleoenvironmental conditions north of the SAF, immediately south of New Zealand,
between glacial and interglacial periods. This could be because the topographic high
marking the southern edge of the Campbell Plateau has essentially fixed the SAF,
irrespective of oceanic climatic conditions. The topographic lock would be further
enhanced by sea level drops of ~120 m during glacial periods. In contrast, east and west
of New Zealand in open water conditions evidence from other studies indicates major
northward shifts in the position of both the SAF and the AAPF. The limited variation
downcore in the abundances of sinistrally coiled Neogloboquadrina pachyderma, the
small shifts in the stable oxygen isotope record, and the lack of change in faunal
assemblages together suggest that ranges in the sea surface temperature change bétWeen
glacial and interglacial periods at higher latitudes were probably not so severe as at
intermediate latitudes. Due to the relatively small temperature changes between glacial and
interglacial conditions at higher latitudes the faunal and isotopic indicators may only
record extreme events.

iii



Acknowledgements

I would sincerely like to thank the following for the support and encouragement

that I received during this study.

My appreciation goes out to my supervisor, Professor Cam Nelson, for
proposing this study, and for his continued ideas, advice, guidance and tolerance.
Special thanks for arranging a cruise with New Zealand Oceanographic Institute; it
added spice to the duller moments of microscope work!

I would also like to extend my grateful thanks to Dr Lionel Carter at the New
Zealand Oceanographic Institute (NZOI) for his helpful comments in the course of this
study, and especially for allowing me to participate on NZOI research cruise 3034, and
to gain first hand invaluable knowledge about marine geoscience research at sea.

Thanks go to Helen Neil (now NZOI; formerly University of Waikato) for
much of the initial preparation of samples and for discussions about results along the
way. Penny Cooke (University of Waikato) assisted greatly with general day-to-day
questions about equipment, procedures and identification of foraminiferal specimens.
Also Martin Crundwell (University of Waikato) assisted with identification of the
benthic foraminifera. Steve Cooke (University of Waikato) kept the mass spectrometer
going and helped with queries about the raw isotopic data. Barry O’Conner
(University of Auckland) is thanked for help with the identification of the radiolaria.
Thanks also to Alf Harris (MIRINZ, Ruakura) for assistance with SEM work, Renat
Radosinsky (University of Waikato) for assistance with XRD analysis, and the other
technicians of the Department of Earth Sciences, University of Waikato, for general
help.

To the scientists and crew whom I accompanied aboard the R.V. Tangaroa, on
research cruise 3034, thank you for making my first voyage to sea a stimulating and

enjoyable one.

To my family, without whose support I would not have made it this far, a big
thanks. Time to start doing! o

v



Abstract

The Southern Ocean lies between the Subtropical Front (STF) at about 45°S
Jatitude and the continental landmass of Antarctica. It plays an important role in global
climatic and oceanic circulation patterns, and is responsible for production of most water
characteristics below the thermocline. The New Zealand sector of the Southern Ocean
(NZSSO) s situated in a unique position to study past changes in oceanic circulation and
climate from the record preserved in deep-sea sediment cores. Using piston cores
collected from water depths of 461-5100 m by USNS Eltanin during 1968-1972, a
sedimentological, micropaleontological, and stable oxygen and carbon isotope study,
including some radiocarbon dating, has been conducted on the upper 1 m of sediment in
12 cores spanning a latitudinal transect from 52°S to 61°S south of New Zealand. The
transect crosses the modem position of the Subantarctic Front (SAF) at ~56°S and
extends as far as the Antarctic Polar Front (AAPF) at ~63°S.

The study has shown the NZSSO cores must be viewed as two subgroups. The
cores are divided at the SAF into a northern subgroup (north of the SAF) and a southern
subgroup (south of the SAF) on the basis of sedimentary lithologies, textures,
composition and depositional histories. The northern cores are located in the vicinity of
the southern margin of Campbell Plateau and are all highly calcareous (~95%), being
composed of planktic and benthic foraminifera and nannofossils with minimal terrigenous
material content. The northern cores include two textural facies controlled by the dominant
biogenic sediment. Facies A, a muddy sand, is dominated by the Subantarctic
foraminiferal assemblage of Globigerina bulloides, Neogloboquadrina pachyderma
(sinstral and dextral), Globigerinita spp., Globorotalia inflata and Globorotalia
truncatulinoides. Facies B, a sandy mud, is dominated by calcareous nannofossils,
especially Emiliania huxley, Coccolithus spp., and Calcidiscus spp.

The southern subgroup of cores lies in the Southwest Pacific Basin and are
dominated by biogenic siliceous material and common (11-27%) terrigenous material.
They belong to Facies C, a sandy silt, composed mainly of silt-sized frustules of diatoms
and nassellaria radiolaria and terrigenous material (quartz, plagioclase feldspars, biotite
and muscovite). Where calcareous material exists south of the SAF it is composed of an
Antarctic foraminiferal assemblage involving Neogloboquadrina pachyderma (sinstral),
Globigerina bulloides and Globorotalia inflata. All foraminifera of the Antarctic
assemblage show evidence of dissolution. The northern subgroup of cores lies in an
average water depth of 1200 m, while south of the SAF the average water depth of the
cores is 4700 m. The lysocline for the NZSSO is determined at ~3200-4100 m, with a
carbonate compensation depth (CCD) of 4800 m. Any calcareous material south of the



SAF is actively being affected by dissolution which biases the sedimentary record of the
southern subgroup of cores to dissolution resistant organisms (diatoms and radiolaria)

and terrigenous material.

The stable isotope records for the northern NZSSO cores show only a 0.8%o shift
between inferred glacial and interglacial conditions. Smoothing of the record may be due
to bioturbation and/or to extensive sediment reworking by bottom currents, forming rather
condensed sedimentary records, especially during glacial periods. Oxygen isotope stages
back to stage 5 have been suggested in one core (36-42); this places the Last Glacial -
Holocene transition at ~7 cm, stage 2/3 boundary at ~21 cm, stage 3/4 boundary at ~65
cm, and a possible stage 4/5 boundary at ~95 cm downcore. The position of the Last
Glacial and stage 2/3 boundary are confirmed by radiometric dates obtained from the same
northern core: 19,120 +/- 110 yrs BP at 10 cm downcore and 23,900 yrs +/- 200 yrs BP
at 20 cm downcore. Faunal changes in the benthic foraminifera occur near the glacial-
interglacial transitions from Globocassidulina subglobosa-dominated during glacial
periods to common Epistominella exigua during interglacials. Textural facies also show
changes near these transitions, with Facies A characterising glacial periods and Facies B
during interglacial periods. Associated with changes in texture are colour changes which
allow the correlation of the glacial-interglacial transitions across many of the northern
cores. The Last Glacial situation cannot be determined uniquely for the southern subgroup
of cores as they have, to varying degrees, experienced extensive erosion and reworking
during the Late Quaternary or earlier.

Collectively, the data suggest there has not been significant change in oceanic
paleoenvironmental conditions north of the SAF, immediately south of New Zealand,
between glacial and interglacial periods. This could be because the topographic high
marking the southern edge of the Campbell Plateau has essentially fixed the SAF,
irrespective of oceanic climatic conditions. The topographic lock would be further
enhanced by sea level drops of ~120 m during glacial periods. In contrast, east and west
of New Zealand in open water conditions evidence from other studies indicates major
northward shifts in the position of both the SAF and the AAPF. The limited variation
downcore in the abundances of sinistrally coiled Neogloboquadrina pachyderma, the
small shifts in the stable oxygen isotope record, and the lack of change in faunal
assemblages together suggest that ranges in the sea surface temperature change bétWeen
glacial and interglacial periods at higher latitudes were probably not so severe as at
intermediate latitudes. Due to the relatively small temperature changes between glacial and
interglacial conditions at higher latitudes the faunal and isotopic indicators may only
record extreme events.

iii



Acknowledgements

I would sincerely like to thank the following for the support and encouragement

that I received during this study.

My appreciation goes out to my supervisor, Professor Cam Nelson, for
proposing this study, and for his continued ideas, advice, guidance and tolerance.
Special thanks for arranging a cruise with New Zealand Oceanographic Institute; it
added spice to the duller moments of microscope work!

I would also like to extend my grateful thanks to Dr Lionel Carter at the New
Zealand Oceanographic Institute (NZOI) for his helpful comments in the course of this
study, and especially for allowing me to participate on NZOI research cruise 3034, and
to gain first hand invaluable knowledge about marine geoscience research at sea.

Thanks go to Helen Neil (now NZOI; formerly University of Waikato) for
much of the initial preparation of samples and for discussions about results along the
way. Penny Cooke (University of Waikato) assisted greatly with general day-to-day
questions about equipment, procedures and identification of foraminiferal specimens.
Also Martin Crundwell (University of Waikato) assisted with identification of the
benthic foraminifera. Steve Cooke (University of Waikato) kept the mass spectrometer
going and helped with queries about the raw isotopic data. Barry O’Conner
(University of Auckland) is thanked for help with the identification of the radiolaria.
Thanks also to Alf Harris (MIRINZ, Ruakura) for assistance with SEM work, Renat
Radosinsky (University of Waikato) for assistance with XRD analysis, and the other
technicians of the Department of Earth Sciences, University of Waikato, for general
help.

To the scientists and crew whom I accompanied aboard the R.V. Tangaroa, on
research cruise 3034, thank you for making my first voyage to sea a stimulating and

enjoyable one.

To my family, without whose support I wquld not have made it this far, a big
thanks. Time to start doing! .

v



Table of Contents

Contents

Chapter 1:

XL RN

References
Appendices

Appendix 1:

N A A

Abstract
Acknowledgements
Table of Contents
List of Figures
List of Tables

List of Plates

Southern Ocean and Environmental Setting
Methodology

USNS Eltanin Core Lithostratigraphy

Textural Characteristics of Cores

Bulk Compositional Characteristics of Cores
Micropaleontology

Stable Isotopic Analysis and Radiocarbon Dates
Summary and Conclusions

NZOI Research Cruise 3034 Report
Sieving and CaCQO, Data, NZSSO Cores
Resieved Data, NZSSO Cores

Other Regional Core Descriptions
Census Data Coarse Sand Fraction

Semi-quantitative Analysis, Fine Sand Fraction
XRD Analysis Records

. Stable Oxygen and Carbon Isotope Data

Radiocarbon Data

Page

ii
v

vi
viii
1X

19

27

38

49

61

94
106

114
125

126
145
149
156
159
172
177
188
190



List of Figures

Figures

Figure 1.1
1.2
1.3
1.4
1.5
1.6
1.7

Figure 2.1

Figure 3.1
3.2
33
34
3.5
3.6
3.7

Figure 4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

4.10
4.11

Figure 5.1
5.2
53
54
55

Bathymetry (A) and Oceanic Fronts (B) of the Southern Ocean
Schematic Diagram of Southern Ocean Circulation

Sediments of the Southern Ocean

New Zealand Sector of the Southern Ocean (NZSSO) Cores
Circulation in NZSSO

Sediments of NZSSO

USNS Eltanin

Laser Sizer Particle Sizer

Core Position Relative to Depth and Topography of NZSSO
Lithostratigraphy of NZSSO Ocean Cores

NZSSO Core and Other Regional Core Positions
Lithostratigraphies of Other NZSSO Regional Cores
Correlation of Northern NZSSO Cores

Paleomagnetic Stratigraphy of Selected NZSSO Cores
Regions of Strong Erosional Features

Textural Curves for NZSSO Cores

Resieved Textural Curves for NZSSO

Textural Classification

Bulk Textural Classes of NZSSO Cores

Textural Classes of Northern and Southern NZSSO Cores
Mean Sand, Silt, and Clay Versus Latitude
Textural Facies for NZSSO Cores

Textural Curves with Associated Facies

Variation of Textural Size Classes with Water Depth
Ice-Limit During the Last Glacial Maximum

Typical Textural Associations of NZSSO Cores

Carbonate Curves Downcore for NZSSO Cores

CaCO; Percentage Versus Latitude

CaCO; Percentage Versus Water Depth

Terrigenous Percentages for Coarse Sand, NZSSO Cores
Semi-Quantitative Terrigenous Percentages for Fine Sand

vi

Page

10
13
14
15

23

29
37
32
33
34
35
36

40
40
41
41
42
43
43
44
46
47
48

51
51
51
52
53



5.6 Terrigenous Percentages Versus Latitude 54

5.7 Terrigenous Percentages Versus Water Depth 54
5.8 XRD Traces of Cores 36-42 and 50-34 55
5.9 Broad Biogenic Components of Coarse Sand Fraction 56
5.10 Biogenic Components of Fine Sand Fraction 58
Figure 6.1 Common Planktic Foraminiferal Abundances 63
6.2 Planktic Foraminiferal Assemblages 66
6.3 Latitudinal Distribution of Common Planktic Foraminifera 67
6.4 Mean Percentages of Planktic Foraminifera Versus Latitude 67
6.5 Mean Percentages of Planktic Foraminifera Versus Depth 68
6.6 Common Benthic Foraminifera in Core 36-42 72
6.7 Common Radiolaria in the Coarse Sand Fraction 73
6.8 Common Radiolaria Versus Latitude 75
6.9 Common Radiolaria Versus Water Depth 75
6.10 Sinistrally Coiled N. pachyderma in Coarse Sand Fraction 79
6.11 Sinistrally Coiled N. pachyderma in Fine Sand Fraction 80
6.12 Latitudinal Variation in N. pachyderma Percentages 81
6.13 Fragmentation Percentages Downcore for NZSSO Cores 82
6.14 Mean Fragmentation Percentages Versus Water Depth 83
6.15 Bulk Carbonate Record Versus Water Depth 84
6.16 Mean Foraminiferal Percentages Versus Water Depth 84

Figure 7.1 Raw Stable Isotopic Records for Cores 36-42, 34-1, & 36-38 96

7.2 Plots of 3'°0 and 9'°C for Cores 36-42, 34-1 and 36-38 97
7.3 Core 36-42 with Assigned Oxygen Isotope Stages 98
7.4 Stable Oxygen Isotope Record of NZOI Core Q585 98
7.5 Temperatures for Cores 36-42, 34-1 and 36-38, 9'20 = 0%o 100
7.6 Corrected 9"°C Curves for Cores 36-42, 34-1 and 36-38 101
7.7 NZSSO Core 36-42, Dates and Sedimentation Rates 104
Figure 8.1 Evidence of Glacial - Interglacial Transitions in the NZSSO 109
8.2 Distinguishing Features of the SAF in the NZSSO 111

8.3 NZSSO Oceanic Climate; Modern and Last Glacial Maximum 112

vii



List of Tables

Tables

Table 1.1
1.2
1.3
1.4
1.5

Table 4.1
4.2

Table 5.1
5.2
5.3

Table 6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9

6.10
6.11
6.12
6.13
6.14

Table 7.1
7.2
7.3

Table 8.1
8.2

DSDP and ODP Cruises Within the Southern Ocean
Watermass and Front Abbreviations Used in Study
Dominant Topographic Features of Southern Ocean
Major Watermasses and Fronts of the Southwest Pacific
Core Locations and Depths

Facies Association for Bulk Texture of NZSSO Cores
Facies A/B Boundary Depth for Northern NZSSO Cores

Coarse Sand (> 150 um) Characterisitics and Bulk CaCO;
Smear Slide Analysis of Four NZSSO Cores
Mud Fraction Terrigenous Composition from XRD Analysis

Common Planktic Foraminiferal Species

Antarctic Planktic Foraminiferal Assemblage

Subantarctic Planktic Foraminiferal Assemblage

Mean Planktic Foraminiferal Abundance for NZSSO Cores
Benthic Foraminiferal Percentages in NZSSO Cores

Mean Benthic Foraminiferal Percentages

Percentage Abundance of Radiolaria in the Coarse Sand
Common Radiolaria in the Fine Sand

Radiolarian Assemblage South of the SAF

Mean Radiolarian Percentages for the Coarse Sand Fraction
Diatom Assemblages in NZSSO Cores South of SAF
Calcareous Nannofossil Assemblages in Cores North of SAF
Mean Percentages of Sinistrally Coiled N.pachyderma
Solution Ranking of Planktic Foraminifera

Mean 9'%0 and 9'°C, and Latitude of Selected Cores
Modern and Interglacial SST for Selected NZSSO Cores
Radiocarbon Ages and Sedimentation Rates of Selected Cores

Sedimentary Characteristics of Northern NZSSO Cores
Sedimentary Characteristics of Southern NZSSO Cores

viii

Page

12
16

43
44

50
55
56

63
65
66
66
69
70
72
74
74
75
78
78
80
86

95
100
103

108
108



List of Plates

Plates

Plate 1.1
3.1
5.1
6.1
6.2
6.3
6.4
6.5
6.6

Ripple Bedforms

Maganese micro-nodules and nodules

SEM Photographs of Mud Fraction in Core 36-42
Common Planktic Foraminifers of the NZSSO

Common Benthic Foraminifera of the NZSSO

Radiolaria of the Southern NZSSO

Diatom and Radiolarian Fragments in 50-34 (Mud Fraction)
Calcareous Nannofossils of the NZSSO

Dissolution Effects on Neogloboquadrina pachyderma

ix

Page

37
59
88
89.
90
91
92
93



Chapter One:

Southern Ocean
and
Environmental Setting

Chapter One: Table of Contents

Page
1.1 Southern Ocean 2
1.1.1 Physical Oceanography of the
Southern Ocean 4
1.1.2 Antarctic Circumpolar Current 6
1.1.3 Topography of the Southern Ocean 7
1.1.4 Sediments of the Southern Ocean 8
1.2 New Zealand Sector of the Southern Ocean 10
1.2.1 Topographic Features of the
New Zealand Sector 11
1.2.2 Physical Oceanography of the
New Zealand Sector 12
1.2.3 Sediments of the New Zealand Sector 14
1.3 USNS Eltanin History 15
1.3.1 Core Selection 15
1.4 Main Aims of Study 16
1.5 Personal Shipboard Experience 17

1.6 Format of Thesis 18



Chapter 1: Environmental Setting

1.1 Southern Ocean

The Southern Ocean (Fig. 1.1A) lies between about 45°S latitude, the
approximate position of the modern Subtropical Convergence Zone, and the
continental landmass of Antarctica (Gordon, 1975a, 1977; Kennett, 1982).
Understanding the history of oceanic processes within the Southern Ocean is
dominantly achieved through the study of deep-sea cores, which register variations in
sedimentary, microfossil and geochemical signals. These changes in signal monitor
changes in climate, and in oceanographic and environmental properties of the Southern
Ocean (Hendy, 1995).

In comparison to mid- to high-latitude seas in the northern hemisphere, where
coverage of cores is extensive, the Southern Ocean has few cores. The past decade has
seen a realisation that the Southern Ocean plays an important role in global ocean
circulation and climate change, and notably it receives signals from all the world’s
major oceans. Southern Ocean processes are responsible for production of most of the
water characteristics below the main thermocline of the world's oceans (Gordon,
1988). Realisation of the importance the Southern Ocean has lead to projects such as
the Ocean Drilling Program (ODP) drilling proposal 441, which focuses on the
evolution of circum-Antarctic and Southwest Pacific Ocean current systems (Carter et
al., 1996a), and past Deep-Sea Drilling Program (DSDP) and ODP research cruises
(Table 1.1). Studies by institutions and individual researchers continue to grow
alongside these large joint research projects and add to our understanding of the

Southern Ocean.

Table 1.1 DSDP and ODP Cruises Within or Adjacent to the Southern

Ocean
Cruises Year Cruise Sector
DSDP Leg 26 1972 Durban (South Africa) - Fremantle (Australia)
DSDP Leg 28 1972-73 Fremantle (Australia) - Christchurch (New Zealand)
DSDP Leg 29 1973 Lyttleton (New Zealand) - Wellington (New Zealand)
DSDP Leg 35 1974 Callao (Peru) - Ushuaia (Argentina)
DSDP Leg 90 1983 Noumea (New Caledonia) - Wellington (New Zealand)
ODP Leg 113 1986-87 Weddell Sea (Antarctica)
ODP Leg 114 1987 Sub-Antarctic; South Atlantic
ODP Leg 119 1987-88 Kerguelen Plateau and Prydz Bay
ODP Leg 120 1988 Kerguelen Plateau
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Fig. 1.1 (A) Simplified bathymetry of the Southern Ocean, shaded areas are above
3500 m water depth. The numbers refer to Table 1.3. #14 is the Balleny
Plateau. (B) Dominant fronts of the Southern Ocean and the intervening surface
water masses. STF, Subtropical Front; SAF, Subantarctic Front; AAPF
Antarctic Polar Front; STSW, Subtropical Surface Water; ASW, Australasian
Subantarctic Water; CSW, Circumpolar Surface Water; AASW, Antarctic
Surface Water. Figure adapted from Orsi ef al. (1995), using information from
Gordon et.al. (1978) and Belkin & Gordon (1996).
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Fig. 1.2 Schematic diagram of the general circulation of the Southern Ocean, depicting the main water masses and their relationship to each other,
flow directions, dominant currents and water mass surface temperatures. STF, Subtropical Front; SAF, Subantarctic Front; PF, Polar Front;
STSW, Subtropical Surface Water; SASW, Subantarctic Surface Water; CSW, Circumpolar Surface Water; AASW Antarctic Surface Water;
SAMW, Subantarctic Mode Water; AAIW, Antarctic Intermediate Water; CDW, Circumpolar Deep Water; AABW, Antarctic Bottom Water;
NPDW, North Pacific Deep Water; NADW, North Atlantic Deep Water. Figure adapted from Williams ez al. (1993), using information from
Gordon (1988) and Heath (1981).



Chapter 1: Environmental Setting

The Southern Ocean is a dynamic system, whose characteristics are governed by the
continent of Antarctica, the differing water masses, their sources, the fronts associated
with these water masses, ocean floor topographic effects, and climatic effects such as

temperature and wind patterns.

1.1.1 Physical Oceanography of the Southern Ocean

Within the Southern Ocean the sea-ice cover and water mass modification are
linked, and wind driven features must also be considered for their effect on
thermohaline structure and circulation (Gordon & Goldberg, 1970; Gordon, 1988). A
major feature of the Southern Ocean is the frontal banding consisting of several
circumpolar quasi-uniform water masses (Fig. 1.1B) developed by the interaction of
the above processes. These water masses (Table 1.2), divided by fronts, set up the
general circulation pattern of the Southern Ocean, depicted in Fig. 1.2 (Belkin &
Gordon, 1996).

Table 1.2 Watermass and Front Abbreviations Used in Study

Abbreviation Watermass /Front
Watermasses
STSW Subtropical Surface Water
SASW Subantarctic Surface Water
ASW Australasian Subantarctic Water
CSW Circumpolar Surface water
AASW Antarctic Surface Water
SAMW Subantarctic Mode Water
AAIW Antarctic Intermediate Water
NADW North Atlantic Deep Water
NPDW North Pacific Deep Water
CDW Circumpolar Deep Water
AABW Antarctic Bottom Water
Fronts
STC Subtropical Convergence
STF Subtropical Front
SAF Subantarctic Front
AAC . Antarctic Convergence
AAPF o Antarctic Polar Front
Currents
ACC Antarctic Circumpolar Current




Chapter 1: Environmental Setting

Warm, highly saline, low oxygenated North Pacific Deep Water (NPDW) and
North Atlantic Deep Water (NADW) have a component of flow towards the south,
which becomes integrated into the Circumpolar Deep Water (CDW). The CDW
upwells into the near-surface to form two different water masses that are cold and have
a high dissolved oxygen content (Gordon & Goldberg, 1970). One remains at the
surface, known as Antarctic Surface Water (AASW); the second water mass sinks to
form Antarctic Bottom Water (AABW). The predominant sites of AABW formation are
in the Weddell Sea and Ross Sea. It’s formation is associated with the production of
sea-ice, or the interaction of water with the bottom of floating ice shelves along the
continental margins of Antarctica (Gordon & Goldberg, 1970).

The AASW extends with uniform properties from the Antarctic Polar Front
(AAPF) to the continental margins of Antarctica. Close to the continental margins of
Antarctica the AASW is split by a semi-continuous frontal band around Antarctica,
known as the Antarctic Divergence. The Antarctic Divergence is the shearing zone
between the eastward flowing Antarctic Circumpolar Current (ACC) and the westward
flowing Eastwind Drift (Fig. 1.2) (Gordon & Goldberg, 1970; Orsi et al., 1995).

To the north the AASW ends abruptly at the Antarctic Convergence, or AAPF,
at latitudes between 50°S and 62°S, where it sinks below less dense Circumpolar
Surface Water (CSW), and contributes to the formation of the Antarctic Intermediate
Water (AAIW), which flows northward (Gordon & Goldberg, 1970). The CSW is
bounded to the north by the Subantarctic Front (SAF), which separates CSW from the
Subantarctic Surface Water (SASW), which in turn is bounded by the Subtropical
Convergence (STC) or Subtropical Front (STF) (Belkin & Gordon, 1996). SASW
sinks below the warmer less dense Subtropical Surface Water which lies to the north
of the STF to form a subsurface tongue of Subantarctic Mode Water (SAMW) (Fig.
1.2). SAMW occurs as a thick subsurface (c. 300-700 m) layer of nearly isothermal
water (McCartney, 1977; Heath, 1985).

The northward flow of the AASW, the associated AAIW, and the AABW (Fig.
1.2) is compensated for by southward flowing CDW. The CDW also contains
quantities of relatively highly saline NADW, which enters the circumpolar flow in the
" southern Atlantic, and NPDW, which enters the CDW in the Southwest Pacific. Both
NADW and NPDW are completely integrated into the CDW on flowing eastwards, due
to the Antarctic Circumpolar Current (ACC) (Gordon & Goldberg, 1970).



Plate 1.1 USNS Eltanin Cruise 36, ship station 50, camera station 42, water depth 2955. Both (A) and (B) show evidence of rippled bedforms that would
require current velocities of at least 15-20 cm/sec. (A) shows concentrations of ferruginous material in the lee of the ripples. These photographs

were taken on the southern margin of the Campbell Plateau, lying near the the cores in this study from north of the modern SAF. Source Jacobs et
al., 1970.
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1.1.2 Antarctic Circumpolar Current

The ACC is a current which is superimposed on the above circulation, affecting
all major water masses within its boundaries, which are to the north the SAF and to the
south the Antarctic Divergence. The current has a surface velocity of generally less
than 25 cm/sec, transporting between 233-240 x 10° m’/sec (Gordon, 1971). Within
Drake Passage surface currents in excess of 75 cm/sec are common, with6 bogtom
currents calculated in excess of 10 cm/sec transporting a volume of 218 x 10" m /sec
(Goodell et al., 1973). Photographic evidence (Plate 1.1) of megaripples in sand-sized
sediments across the Pacific-Antarctic Ridge, and even at depth across the Southeast
Pacific Basin and through Drake Passage, attest to bottom currents approaching 50
cm/sec (Goodell et al., 1973).

The strong westerly wind field situated over 45°-55°S is predominantly
responsible for circumpolar circulation (large amounts of momentum are transferred to
the Southern Ocean by the westerly winds), with the maximum westerlies situated in
close proximity to the ACC (Fig. 1.1B) (Kennett, 1982; Morrow et al., 1992;
McGlone et al., 1994). The wind field produces Ekman divergence (upwelling) south
of the ACC, while north of the ACC sinking (Ekman convergence) is associated with
the formation of AAIW (Gordon, 1988). The ACC has a significant northward flow
component in surface and bottom waters, and a southward component in intermediate
water bodies; the northward movement of the surface water is due to Coriolis effect,
the wind stress forming Ekman spirals and the higher density Antarctic water moving
into less dense northern waters (Kennett, 1982).

Due to the distribution of land masses (Fig. 1.1A) the ACC is a unique link that
connects all major oceans, and whose path is firmly controlled by major bottom ridges
(Gordon et al., 1978; Gordon, 1988; Orsi ef al., 1995). The SAF marks the northern
boundary, while the southern boundary is defined by the sharp termination of the
poleward extent of the CDW (Fig. 1.2). These boundaries are characterised by large
horizontal shear, forming cyclonic circulation gyres on the northern and southern
margins of the ACC (Orsi et al., 1995). The energetic eddies are vertically coherent
over a depth range 1000 - 5000 m, have horizontal scales exceeding 60 km, and are
important in carrying heat polewards and momentum northwards away from the ACC
(Bryden & Heath, 1985; Morrow et al., 1992). South of the ACC, close to the
Antarctic continent, the prevailing easterly wind drives the surface waters westwards.
This current, the East Wind Drift, does not completely encircle the Antarctic continent
as it is constricted at Drake Passage (Kennett, 1982).
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1.1.3 Topography of the Southern Ocean
The Southern Ocean is a system of deep abyssal basins divided by high
topographic features such as mid-ocean ridges and oceanic plateaus (Fig. 1.1A; Table
1.3) set around the continental landmass of Antarctica (Gordon & Goldberg, 1970;

Gordon et al., 1978; Gordon, 1988; Orsi et al., 1995).

Table 1.3 Dominant Topographic Features of the Southern Ocean

Southern Ocean Basins Dividing Barriers
(>3500m)

Southwest Pacific Basin (1)

Southeast Pacific Basin (2) Pacific-Antarctic Ridge (8)
Weddell Abyssal Plain (3) Drake Passage / South Scotia Ridge (9)
Enderby Abyssal Plain (4) Southwest Indian Ridge (10)

Australian-Antarctic Basin (5) Kerguelen Plateau (11)

South Australian Basin (6) Southeast Indian Ridge (12)

Tasman Abyssal Plain (7) Atlantic Ridge (13)

(Numbers in brackets refer to topographical features on Fig. 1.1A)

Topographic features such as sea mounts, smaller plateaus/ridges and
subantarctic islands are numerous. Southern Ocean circulation is channelled via these
topographic features into certain paths. Deep cold bottom waters (AABW), due to their
density, are restricted to the basins and, as a result of Coriolis forces, these currents
dominantly flow along the western side of the basins, often termed Deep Western
Boundary Currents (DWBC) (Kennett, 1982).

Major bottom ridges firmly control the path of the ACC. As the ACC flows
eastwards it undergoes latitudinal shifts related to bottom topographic effects, with
northward migration over a shallowing seafloor and southward shifts over deepening
seafloor. Poleward shifts occur across the Southwest Indian Ridge and through the
fracture zones in the Pacific-Antarctic Ridge. Constriction of the ACC through Drake
Passage greatly intensifies it’s flow (Gordon er al., 1978; Orsi er al., 1995). The East
Wind Drift current is affected by the large coastal embayments of Antarctic, notably
Weddell Sea and Ross Sea, forming large cyclonic gyres (Gordon, 1971). The
controlling and amplifying effect that topography has on current flow patterns means
that topography is also a contributing factor to sedimentation patterns in the Southern
Ocean.



Shelf & coastal deposits, Submarine tills | | Calcareous-siliceous oozes, both

and glacial-marine sediments near e calcareous and siliceous tests
Antarctica; calcareous sands and gravels exceed 30%
adjacent to other Southern Ocean land
masses
Calcareous ooze, dominantly foraminiferal Siliceous oozes, dominantly diatoms,

often with radiolarians

Clayey silts & Silty clays, calcareous near
calcareous oozes, siliceous near siliceous
oozes; sandy adjacent to continent shelves

Fig. 1.3 Southern Ocean Sediments. Mn denotes areas where manganese nodule
concentrations occur. Adapted from Goodell et al. (1973).
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1.1.4 sediments of the Southern Ocean

The broad sedimentation patterns and sediment types follow the zonal climate
belts and can be divided into five broad groups (Fig. 1.3). Antarctic coastal sediments
consist of undifferentiated deposits of submarine glacial till, gravels, sands and
biogenic deposits. They occupy the inner Antarctic continental shelf and have a coarse
fraction with abundant pebble/sand granules which are angular, faceted and striated.
Clay minerals within the fine fraction are dominated by crystalline chlorite and illite
(Goodell et al., 1973). The tills often merge laterally with sands and gravels where
winnowing has occurred. Often in regions of little terrigenous input the sediments
consist of an interlocking mat of siliceous sponge spicules mixed with whole and
fragmented calcareous benthic foraminifera (Lisitzin, 1972; Goodell et al., 1973).

The outer continental shelf (Fig. 1.3), slope and rise region off Antarctica is
dominated by Glacial-Marine Sediments. These sediments are classified as having 30%
sand with common angular and faceted pebbles. The quartz sands show chatter marks
imposed by glaciations (Krinsley & Takahashi, 1962). Clays within the glacial-marine
sediments are dominated by crystalline chlorite and illite, with abundant smectites. On
the outer shelf, slope and rise beneath the Antarctic Divergence, planktic foraminifera
raise the CaCOj; content to 10-20%; northwards, the glacial-marine sediments merge
with sandy silts (Goodell et al., 1973).

The glacial-marine deposits are ringed by silts which represent a transition
between the coarser glacial-marine deposits and the pelagic clays of the abyssal sea
floor (Goodell et al., 1973), reflecting the decrease in ice-rafted terrigenous material
away from the continent (although the northern limit of ice-rafted debris lies near the
SAF). Within the silts, neither siliceous nor calcareous biogenic components exceed
10%, and clay minerals are dominated by chlorite and illite except in regions of local
volcanism where smectite is abundant. These silts dominate the sediments in Drake
Passage, West Scotia Sea and Weddell Sea, and form bands across the South Indian
Basin and Southeast Pacific Basin; northwards the clayey silts merge with pelagic silty
clays (Goodell et al., 1973).

Silty clay sediments contain between 5-10% sand-sized clasts, and both
siliceous and calcareous tests are less than 10%. The fine fraction is dominated by
crystalline chlorite and illite, with smectite abundant in regions of local volcanism.
Zeolites are present in the fine fraction, predominantly clinoptilolite and phillipsite. The
silty clays can include occasional ice-rafted debris and ferromanganese nodules. These
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silty clays form a ribbon in the South Indian Basin, but extend up to 400 km across the
Southeast Pacific Basin and are found in the Weddell Sea, Southwest Pacific Basin,
Tasman and South Australian Basins (Fig. 1.3). Northwards these silty clays merge

with biogenic oozes (Goodell et al., 1973).

Other than glacial-marine deposits, siliceous oozes characterise the sediments of
the Southern Ocean and dominate the abyssal depths of the major basins (Fig. 1.3).
Siliceous sediments are dominantly composed of opaline frustules of diatoms of silt
size, with locally important regions of radiolarian- and dinoflagellate-rich sediments
(Lisitzin, 1972; Florida State University, 1973). The fine-grained fraction contains
large amounts of terrigenous material, predominantly chlorite and illite with variable
amounts of quartz, plagioclase feldspar and amphibole. The zeolites phillipsite and
clinoptilolite are present in region of volcanism (Goodell ez al., 1973). A sand fraction
comprises only about 10% of the ooze and consists of ice-rafted debris, micro-
ferromanganese nodules and various biogenic particles (Florida State University,
1973).

The siliceous oozes become progressively more calcareous towards the
Antarctic Convergence. The zone where both siliceous and calcareous material
comprises greater than 30% of the sediment lies in a 200-300 km-wide belt on the
northern margins of the Antarctic abyssal basins, beneath the AAC, across the
Kerguelen Plateau and Macquarie Ridge (Goodell et al., 1973). North of this region
sediments are dominated by pelagic silty clays or biogenic calcareous oozes. The
calcareous biogenic components are dominantly planktic foraminifera (e.g.,
Neogloboquadrina spp., Globigerina spp. and Globorotalia spp.), with abyssal
zones containing a mix of pelagic red silty clays and carbonate ooze (Lisitzin, '1972).
Excluding the ice-rafted sediments close to the continent of Antarctic, the sediments
within the Southern Ocean are mud-dominated, though sediments range texturally from

mud (< 63 um) to coarse sand (> 150 um).

Sedimentation rates vary within the Southern Ocean and within individual
basins, ranging from 0.2-2.5 cm/ky (Kennett, 1982). Where the ACC interacts with a
mid-ocean ridge system, very low sedimentation rates (0.3 cm/ky) are characteristic
(Watkins and Kennett, 1971). On the Antarctic continental rise; ':glacial-marine
sediment accumulates at a rate of 2.5 cm/ky (Goodell et al., 1973). In comparison, the
Southwest Pacific Basin has depositional rates for pelagic silty clays between 0.2-0.5
cm/ky (Goodell er al., 1973; Schmitz et al., 1986).
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The major differences to this pattern are related to changes in topographic
features and currents. Topographic highs such as mid-ocean ridges and plateaus tend
to have carbonate sediments, or a calcareous/siliceous mix, a trend extending south to
latitudes of 65°S. At shallower depths calcareous oozes predominate, the topographic
highs keeping the carbonate sediments above the Carbonate Compensation Depth
(CCD), which lies ~4700 m depth in the Southern Ocean (Lisitzin, 1972). Cold deep
water below 4000 m is especially corrosive. These topographic highs often have high
current velocities over their surfaces, which reduce sedimentation rates, winnow fine
material and produce scour features. Other regions of high current velocity are beneath
DWBC, where sediments often show scouring and winnowing, and typically comprise
coarse-grained terrigenous material (Ovenshine et al., 1973; Carter & McCave, 1994;
Carter & McCave, 1997). In certain regions of the Southern Ocean authigenic minerals
are important, in particular manganese nodules (Fig. 1.3). Regions where manganese
nodules cover between 75-100% of the seafloor include the central sector of Drake
Passage, Southeast Pacific Basin, Southwest Pacific Basin, South Tasman Sea and
Pacific-Atlantic Ridge. These regions are all associated with low sedimentation rates
and high bottom current velocities beneath the ACC (Glasby, 1976). Manganese
nodules require these conditions to prevent the accreting nodules from being
smothered, while local submarine volcanism is probably also important, allowing
oxides of iron, manganese, and other elements to be incorporated into sediments
(Goodell et al., 1973; Watkins & Kennett, 1977).

1.2 New Zealand Sector of Southern Ocean

The New Zealand sector of the Southern Ocean (abbreviated hereafter as
NZSSO0), sometimes loosely included in the name Southwest Pacific, is very important
to the Southern Ocean and the Earth as a whole. For this study the New Zealand sector
is defined as that part of the Southern Ocean which lies between longitudes 165° W
and 155° E, with the STF used as the northern limit (Fig. 1.4). The New Zealand
sector is important because the New Zealand continental landmass deflects the ACC
southwards, and the region makes a major contribution to global climates by

transportation of heat through the various surface and subsurface water masses
(Gordon, 1972).

Circulation of cold deep water is one of the controlling factors of the Earth's
climate. With 40% of cold deep water entering the world’s ocean through the
Southwest Pacific as a Deep Western Boundary Current (DWBC) which is linked with
the ACC, the Southwest Pacific is the largest single contributor of cold deep ocean
water (Carter et al., 1996a). The DWBC is the largest boundary flow (20 Sv) in the
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world’s oceans, transporting significant amounts of heat and nutrients into the Pacific
Ocean Basin (Warren, 1981). Another important feature is that the New Zealand
continental landmass is one of the globes prominent sediment sources, accounting for
about 2% of the annual suspended fluvial input into the oceans and about 9% of the
annual input into South Pacific (Carter & McCave, 1997).

1.21 Topographic Features of the New Zealand Sector

The NZSSO is a region where there is a constriction and deflection of the ACC,
due primarily to the system of ridges within the region. The Tasman Abyssal Basin is
separated from the Emerald Basin and Southwest Pacific Basin by the Macquarie
Ridge which extends to approximately 58°S (Fig. 1.4) (Summerhayes, 1969). Oblique
collision of Australian and Pacific plates has structurally formed a trench-transform-
trench system, the southern extent of which is the Macquarie Ridge and associated
trenches. These formed through crustal flexure and shortening associated with the
underthrusting Australian plate. Macquarie Island, the highest point of the ridge, is a
calc-alkaline island arc volcano (Summerhayes, 1969; Carter & McCave, 1997).

Macquarie Ridge and the southern Balleny Plateau form a barrier to free zonal
flow of the ACC. With an average depth of nearly 1000 m, the ridge is broken by east-
west trending passages north and south of Macquarie Island. These passages funnel
the ACC, the most important, a 890 km-wide passage between 57°-65°S, reaching
depths over 2000 m (Gordon, 1972; Rodman & Gordon, 1982).

The Campbell Plateau (Fig. 1.4) is a major topographic feature of the New
Zealand sector. It forms a large, upstanding part of the continental borderland of New
Zealand, and is well defined by the 2000 m bathymetric contour. The plateau is
composed of sedimentary and metamorphic rocks, and has a low relief due to
peneplanation and marine erosion by transgressive seas during the early Tertiary.
Situated on the Campbell Plateau is a number of Subantarctic islands of predominantly
alkali volcanic origin (Fig. 1.4), including Auckland Islands, Campbell Island, and
Antipodes Islands. The Bounty Islands are formed entirely from biotite granite, and
Snares Islands are composed of gneissic muscovite granite (Summerhayes, 1969).

To the north, and separated from the Campbell Plateau by the Bounty Trough,
is the Chatham Rise (Fig. 1.4), again part of New Zealand's continental borderland.
Chatham Rise forms a 1300 km-long east-west trending submarine barrier, which has
a 200-400 m deep rise crest, and acts as a barrier to oceanographic water mass
transport (Fenner et al., 1992).

11
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1.2.2 Physical Oceanography of the New Zealand Sector

The NZSSO (Fig. 1.4) is characterised by the following water masses: the
surface (cool) Subtropical Water (STW) and Australasian Subantarctic Water (ASW),
Circumpolar Surface Water (CSW), and Antarctic Surface Water (AASW), and the
sub-surface Subantarctic Mode Water (SAMW), Antarctic Intermediate Water (AAIW),
North Atlantic Deep Water (NADW), Circumpolar Deep Water (CDW) and North
Pacific Deep Water (NPDW) which flows south, east of Louisville Seamounts (Carter
& McCave, 1994). Antarctic Bottom Water (AABW) is absent in the Southwest Pacific
Basin, due to the East Pacific Rise / Pacific-Antarctic Ridge preventing the AABW
fé)rmcd in the Ross Sea from entering the basin. The water masses above are
characterised predominantly on their temperature and salinity (Table 1.4) (Houltman,
1967; Gordon et al., 1977; Heath, 1985; Nelson et al., 1993a; Williams et al., 1993;
Carter & McCave, 1994; Belkin & Gordon, 1996). The circulation pattern is very
similar to that previously described more generally for the Southern Ocean in Fig. 1.2,
although in the NZSSO the STSW is renamed (cool) STW and the SASW is known as
Australasian Subantarctic Water (ASW)

Table 1.4 Major Water Masses and Fronts of the Southwest Pacific

Water Mass Abbr. Depth (m) Density (Ot) T Salinity (%c) T Temp (C) | Silica
(Cool) Subtropical Water STW Surface
Subtropical Front STF Separates STW from ASW at 15 °C summer isotherm
Ausﬁlusian Subantarctic Water ASW Surface
Subantarctic Front SAF Separates ASW from CSW at 8 “C summer isotherm
Circumpolar Surface Water CsSwW Surface
Subantarctic Surface Water SASW Surface
Antarctic Polar Front AAPF Separates CSW from AASW , with icebergs (<5°C)
Antarctic Surface Water AASW Surface
Thermocline water 0 - 400 3442 - 34901 7.00 - 1T.00
Subantarctic Mode Water SAMW 400 - 600 ] 26.80 - 27.20| 34.00 - 34.20 | 6.00 - 10.00 | Very low
Anmrc.tic Intermediate Water AAIW 600 - 1450 |27.20 - 27.35| 34.36-34.50 | 3.20 - 7.00
North Puacific Deep Water NPDW 1450 - 2550 34.50 - 34.67| 1.80 - 3.20
North Atlantic Deep Water NADW 2900 - 3800 | 37.00 - 45.93] 34.71 - 34.73] 0.90 - 1.60 |High
Upper Circumpolar Deep Water CPDVW,,, 2550 - 2900 | 36.50 - 37.00| 34.50 - 3470 1.60 - 1.80
Lower Circumpolar Deep Water (1) LCPDW,,, | 2900 - 3800 | 37.00 - 45.93| 34.70 - 34.75| 0.90 - 1.60 |High
Lower Circumpolar Deep Water (2) LCPDW,,, > 3800 45.93 - 46.00 < 3471 0.55 - 0.90 |High
A;\mrclic Bottom Water AABW General term for cold water of Antarctic origin which

' spreads north into major ocean basins.
Antarctic Circumpolar. Current ACC 0 - seafloor 'v_urfrl

(Table adapted from Carter er al., 1996b).
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Table 1.4 shows how water masses in the Southwest Pacific are defined. The
fronts represent boundaries across which there are rapid spatial changes in water mass
properties (Fig. 1.5). The two main surface water masses immediately off New
Zealand have separate sources; the STW is derived from southwards flow of the East
Cape Current supplied across the Tasman Sea from the East Australian Current, which
in turn is fed from the westwards flowing South Equatorial Current. The cooler ASW
is derived from water driven north by the flow of the ACC (Heath, 1985). Presently
the Campbell Plateau is washed mainly by AATW. Below this occurs the Circumpolar
Deep Water, which is divided into two parts, the CPDWy, (34.50-34.70%0) and
LCDW. The later is further divided in two, LCPDW/;, being characterised by a salinity
maximum of 34.74%o. This high salinity core within the LCDW(,, is the signature of
the NADW; LCPDW ;) has a salinity of <34.71%o and lies below the less dense higher
seline LCPDW(;, (Fenner et al., 1992; Carter & McCave, 1994; Carter & McCave,
1997). These physical oceanographic trends are seen in Fig. 1.5, which depicts the
spatial relationships between the water masses in the NZSSO.

Flow of the ACC in the NZSSO shows a deviation from the normal pattern of
flow, deflecting southward south of New Zealand despite shallowing of the seafloor.
Southern deflection of the ACC to pass south of the Macquarie Ridge has the effect of
carrying ASW characteristics to latitudes nearly 10° further south than is ordinarily the
case (Gordon, 1972).

The deep water from Antarctica and southern Indian Ocean enters the
Southwest Pacific at Macquarie Ridge and southernmost Campbell Plateau by passing
through the Balleny Fracture Zone (Fig. 1.1) which transects the Southeast Indian
Ridge (Rodman & Gordon, 1982; Carter & McCave, 1997). DWBC encounters the
steep topography of the Macquarie Ridge and Campbell Plateau, and contacts with the
ACC. The ACC-DWBC is coupled by transfer of kinetic energy from the ACC to the
DWBC by transient eddies that spall off the southern tip of Macquarie Ridge (Gordon,
1972; Morrow et al., 1982). Another coupling mechanism is the direct transfer of
momentum from the ACC to the DWBC (Gordon, 1975a; Carter & McCave, 1997).

As the ACC-DWBC encounters Macquarie Ridge the flow body is diverted
around the southern reaches of Macquarie Ridge, although streams of flow pass
through passages north and south of Macquarie Island (Gordon, 1972). Constriction
of the flow generates high geostrophic velocities of 30-40 cm/sec. On the northeastern
side of Macquarie Ridge the main ACC-DWBC flow again merges with the flows that
passed through the ridge. This coupled flow is topographically intensified on the
subantarctic slope of Campbell Plateau, reaching flow velocities of 29 cm/sec
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Silty sand; gravelly, highly calcareous, shell/coral/bryzoa fragments, foraminifera
Calcareous ooze I; CaCO3 >60%, foraminiferal and sandy
|| Calcareous ooze IT; CaCO5 30-60%, foraminiferal, <30% SiO,

__| Sandy silt; biogenic SiOz and CaCO3 <10%, sand 10-30%
@& Calcareous-siliceous 00ze; biogenic SiO; >30%, CaCO310-30%
Glacial-marine deposits; sand and larger clasts >30%
Siliceous 00ze; diatoms, radiolaria, biogenic SiO7 >30-60%, silt-sized
Siliceous silty clay; biogenic SiO; 10-30%,CaCO3 <10%, sand <10%
|| Siliceous & calcareous 0oze; both CaCO; and SiO; are >30%
|| Clayey silt; biogenic SiO; and CaCO5 <10%, sand <10%
Silty clay; biogenic SiO, and CaCO3<10%, pelagic "red clay”
Foraminiferal silty clay; CaCO; 10-30%
Siliceous clayey silt; biogenic SiO;10-30%, CaCO3 <10%, sand-sized <10%

Fig. 1.6 Sediments of the New Zealand sector of the Southern Ocean. Contours with
percentage values indicate surface coverage of the seafloor in manganese nodules.
Adapted from Goodell et al. (1973).
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(Gordon, 1975a; Carter & McCave, 1997). ACC-DWBC follows the margin of the
Campbell Plateau until south of the Bounty Trough (56°S) where the SAF (the
acknowledged northern boundary of the ACC) diverts to the east. The DWBC
continues northeast as a wide, slower flow (Carter & McCave, 1997).

1.2.3 sediments of the New Zealand Sector

The Southwest Pacific Basin sediments are dominated by clayey silts and silty
clays, with a belt of siliceous ooze (Fig. 1.6) (Lisitzin, 1972; Florida State University,
1973; Goodell et al., 1973). The oozes contain varying amounts of manganese micro-
nodules, sponge spicules and terrigenous material, dominantly mica; moving
northwards in the abyssal basin sediments change to diatomaceous clays / oozes and
silty clays (Florida State University, 1973).

Sediments off the southeastern margin of Campbell Plateau associated with the
DWBC at depths > 4500 m are terrigenous rich (quartz and plagioclase feldspars
dominate), due to the corrosive conditions under the currents which allow for the
increased dissolution of biogenic material. Because current velocities here reach 30-40
cm/sec, the dominant textural size is coarse sand to sandy gravel. Winnowing of the
finer, less dense biogenic material occurs, leaving highly spherical polished grains that
often have ferro-manganese coatings, seen as black or dark brown scale on the
terrigenous grains. These sediments are interpreted as winnowed lag deposits formed
through erosion of Tertiary deposits by vigorous DWBC action (Ovenshine, 1973;
Carter & McCave, 1997, Carter et al., 1996b).

Sediments at DSDP Site 594 (Fig. 3.6), situated on the southern flank of
Chatham Rise, at mid-bathyal depth (1204 m), show changes in colour, composition
and texture related to glacial and interglacial periods (Nelson et al., 1993a). During
glacial periods the sediments are greenish grey, dominated by silt and mud, and
terrigenous input is high. Foraminifera become rare, and radiolarians and diatoms are
more abundant, which is reflected in the lower carbonate percentage (typically 5-20%)
and lower abundance of sand-sized fraction. Interglacial sediments are distinguished
by bluish grey colour, an increase in sand fraction, and lower terrigenous inputs. The
carbonate percentage increases to 30-60%, related to the greater abundance of
calcareous nannofossils and foraminifera (Nelson et al., 1993a).

Campbell Plateau is predominantly covered by a Globigerina /

Neogloboquadrina ooze mix, a white fine-grained ooze consisting of 50-60%
foraminifera. The remainder of this ooze comprises siliceous biogenic material
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Fig. 1.7 The USNS Eltanin (World.Wide.Web, 1997).



Chapter 1: Environmental Setting

(radiolaria and sponge spicules), terrigenous material (quartz, biotite and volcanic rock
fragments) and authigenic minerals (manganese nodules, glauconite and phosphate
nodules), as well as other calcareous organisms (coccoliths, nannofossils). Carbonate
percentages range from 65-100% (Summerhayes, 1969; Lisitzin, 1972).

The subantarctic island shelves and the New Zealand southern shelf are
dominated by coarse bryozoan and molluscan skeletal sands averaging 90% CaCOs3
and including rare authigenic minerals. The amount of non-carbonate material in these
shelf carbonate sediments is low (Summerhayes, 1969; Nelson et al., 1988).

1.3 USNS Eltanin History

In 1960, the United States National Science Foundation (NSF), through its
Office of Polar Programs, established a curatorial and research centre, the Antarctic
Research Facility (ARF), to house marine sediment cores. The facility is an adjunct of
the Department of Geology at Florida State University. The Antarctic Research Facility
was designed specifically as a national repository for geological materials collected in
polar regions, being originally responsible for the analysis of Antarctic continental
shelf deposits collected through the US Navy Hydrographic Office, using US Coast
Guard icebreakers. The facility from 1968-72 became responsible for the curation of
marine sediments collected by the research vessel USNS Eltanin (Fig. 1.7). This
vessel embarked on a marine geology coring program, which involved a systematic
multi-disciplinary survey of some 80% of the Southern Ocean between 35°S and the
Antarctic continent (World.Wide.Web, 1997). Collections from the cruises of the
USNS Eltanin expeditions during its circum-antarctic surveys are mostly limited to the
study of the Quaternary because the coring device used rarely penetrated more than 20
m sub-bottom depth (Kennett, 1982).

1.3.1 core Selection

Data for this study comes from the analysis of twelve NZSSO cores collected
south of New Zealand (Fig. 1.4). These cores (Table 1.5) were selected so as to
provide a rough north-south trending transect from 52°S to 61°S, so traversing the
main oceanographic fronts in the NZSSO. Samples were requested from only the top 1

m of the cores listed in Table 1.5. Samples of the twelve cores were received at 10 cm
spacing down core.
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Table 1.5 Core Location and Water Depth

Chapter 1: Environmental Setting

Core length

Core # Latitude Longitude Water depth

(m) (cm)
36-42 51°55.7°S 167° 08.0’'E 461 607
36-41 51°56.7°S 166°23.2’E 1051 304
16-9 52°25°S 166° 44’E 1052 563
36-40 52°56.4’S 165°24.3'E 783 320
34-1 53°55.4’S 169° 59.2°E 1041 612
36-39 54°02.4’S 164°25.T'E 2999 113
16-8 56°08’S 169° 42’E 5117 314
36-38 56°28.0’S 161°45.5’E 4129 1209
50-35 58°59.3°S 170° 02.6’E 5024 1094
50-34 60° 00.0’S 170° 09.8’'E 4863 1014
34-3 60° 01.5°S 167°20.9'E 4517 564
50-33 61°05.1°S 170° 03.8’'E 4550 1132

The cores were collected between the years 1968-1972 using a standard piston
corer developed by Kullenberg in 1947 (Kennett, 1982), the corer consisting of a
tight-fitting piston inside a core barrel. The piston is held at or near the sediment-water
interface during penetration of the barrel, so creating a suction which holds the
sediment column in place while at the same time reducing internal wall friction, and

increasing the length of core obtainable (Kennett, 1982).

1.4 Main Aims of Study

The main aims of this study were as follows:

¢ For selected cores to establish downcore records of various sedimentological

(textural components, carbonate percentages and terrigenous percentages),
micropaleontological and stable oxygen and carbon isotope parameters. From these
data an attempt would be made to determine the following information:

The position of the transition between Last Glacial and the Holocene in the NZSSO

cores, and thus the sedimentary characteristics pertaining durmg contrasting glacial
and interglacial conditions. K

The position of the oceanic fronts within the NZSSO during the Last Glacial period
and what, if any, shift occurred in these fronts between then and the present
interglacial. In particular, the question of whether or not the SAF was
topographically controlled and restrained in its position between glacial and
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interglacial periods is considered, a situation which has been suggested for the STF
off eastern New Zealand (Heath, 1981; Fenner e? al., 1992; Nelson et al., 1993a).

1.5 Personal Shipboard Experience

While not involved in the collection of the USNS Elwanin cores, 1 was very
fortunate to have the opportunity of joining a research cruise aboard R.V. Tangaroa
run by New Zealand Oceanographic Institute (NZOI) of National Institute for
Atmospheric and Water (NIWA) from 10-28 February 1997 off southeastern New
Zealand. This research cruise 3034, titled Pacific Gateway - Paleoceanography, had

two primary objectives:

e Objective 1. A series of sites designated SWPAC numbers, were to be surveyed
by multichannel airgun seismic system, by piston or Kasten core collections, by
underwater camera observations, and by water sampling. In addition an Acoustic
Doppler Current Profiler (ADCP) was to be run to provide a current velocity field
for the upper 300 m. The SWPAC sites were to be surveyed to provide subsurface
information for upcoming the Ocean Drilling Programme (ODP) 181 cruise in
August-September 1998.

® Objective 2. To determine the history of the northward movement of Antarctic
Intermediate Water (AAIW) and Subantarctic surface water across Campbell
Plateau since the Last Glacial Maximum or earlier. A series of cores on a latitudinal
transect was planned to monitor the northward incursion of AAIW and overlying
waters.

These two primary, as well as three secondary objectives were achieved, with
all ODP sites having seismic surveys completed and cores obtained where necessary to
expand on the seismic data. The transect of cores to observe the AAIW trends was also
successfully completed with a total of 13 cores collected. A summary report for
research cruise 3034 is included as Appendix 1 (Carter, 1997).

The particular aspects of research cruise 3034 for which I had gained personal
experience were with watch keéping of the multichannel airgun seismic system and the
12kHz and 3.5kHz sounder profilers. This involved every 10-15 minutes recording
the depth and ship’s position on underway sounder logs and multichannel seismic logs
Wwhen operating, and the recalibration of recorders when profiles rapidly moved across
the recorder due to extreme changes in submarine topography. Watch keeping also

UNIVERSITY OF WALKATC
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involved checking the array eel and airgun mooring lines and checking the operation of
the compressor for the airgun.

I also gained much experience with the coring programme onboard R.V.
Tangaroa. The coring was mainly done using a Kasten corer with a 4 m barrel,
retrieving ~2-3 m of sediment on a regular basis (the corer failed in consolidated or
sandy substrates, because of tilting on it’s side). Through active participation I learnt
the handling of core deployment/retrieval under calm to gale-force sea conditions that
were experienced on the cruise. Once the corer had been retrieved and disassembled,
the exposed sediment was described. The onboard processing of a core involved
scraping the core down to expose a clean surface to describe. Once a full description
(colour, texture, composition, boundaries, and other features) was completed,
subsamples were taken, flat tray slabs were removed for X-ray analysis of the core to
observe any structures in the sediment, conduits were removed for archival purposes,
wet bulk density tubes were taken, and core top sediment was bagged for later study.
The final phase involved cleaning the Kasten corer and resetting it for redeployment.

1.6 Format of Thesis

Following the foregoing general introduction and review of the Southern Ocean
and the New Zealand Sector of the Southern Ocean (NZSSO), Chapter 2 reports the
methods used to obtain the various sedimentological, micropaleontological and stable
isotope data for the cores. Chapter 3 will discuss core stratigraphy, based on both
original USNS Eltanin descriptions and personal observations from this study.
Whether there is possible points of correlation between cores based on broad
lithological properties and colour marked boundaries is considered. The subsequent
chapters begin to look at the cores in greater detail, considering their different
sedimentary characteristics. Chapter 4 describes textural features, and discusses
variation in textural characteristics and classes with latitude and water depth. Chapter 5
describes the composition of the sediments, including their carbonate content,
terrigenous composition and broad biogenic components. A detailed analysis of the
biogenic components is given in Chapter 6, which describes faunal variations and their
‘implications. In association with the micropaleontological results, Chapter 7 discusses
the stable oxygen and carbon isotopic records for selected NZSSO cores. Chapter 8
attempts to meld the observations into a history of the NZSSO during the transition
from the Last Glacial to the Holocene.
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Chapter 2: Methodology
2.1 Micropaleontological Sample Preparation

2.1.1 Cleaning and Pretreatment of Samples

Samples obtained at 10 cm intervals from the top 1 m of the piston cores listed
in Table 1.5 were cleaned and prepared for further study, using standard procedures
adopted at the University of Waikato for the preparation of core samples.

These samples were oven dried for 24 h at 35°C, then cooled to room
temperature in a desiccator. Cooled samples were weighed to four decimal places,
determining the bulk sample weight. Weighed samples were transferred to a labelled
50 ml conical flask and 40 ml of buffer solution (pH ~ 9.4, 4g NaHCO, + 1g Na,CO;
in 20 1 of distilled water) added and left to stand. The buffer solution is used so that
dissolution of calcareous microfossils does not occur, and it also helps to deflocculate
mud aggregates.

Samples are then washed across a 63 pm Tyler screen with buffer solution, and
the collected mud is allowed to settle, and then stored for later analysis. Sand collected
on the 63 um mesh is rewashed by returning it to the conical flask with distilled water,
and placing the flask in a sonic bath for 10 sec; the above rewashing process is
repeated approximately five times. Rewashed sand is washed onto filter paper with
distilled water and left to air dry.

2.1.2 Textural Determination

Clean sand is dry sieved over 125 pum sieve to obtain 63-125 um (fine sand)
and >125 um (coarse sand) fractions. These sand fractions are then weighed and
recorded to four decimal places (Appendix 2). The coarse sand fraction was later
resieved over a 150 um sieve to obtain the >150 pum fraction which was used for
isotope pickings and micropaleontological census. The percentage of mud, fine sand
(63-150 um) and coarse sand (>150 um) was recalculated (Appendix 3).

To determine the mud content, the mud fraction (<63 pum) is washed__ into large
measuring cylinders and made up to 500 ml with buffer solution (NaCO, /’NaZHCO3).
The contents of the measuring flasks are then mixed to reach homogeneity and a 20 ml
aliquot is removed and deposited onto a pre-weighted filter paper. Once the 20 ml
sample has drained the filter paper is oven dried overnight, at 105°C. The filter paper is
then reweighed and the amount of mud on the filter paper determined. This value is
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then multiplied by the dilution factor to determine the weight of mud in the original
sample (Appendix 2).

2.1.3 Carbonate Determination

Small amounts (slightly more than required, to allow for water loss) of bulk
sample are placed in aluminium tins and dried for 24 h at 105°C. Dried samples are
crushed, and between 0.05 and 0.06g is removed and the weight recorded; these
smaller samples are used for carbonate determination.

The crushed and weighed samples are then added to 20 ml of HCI of a known
concentration and back titrated against NaOH also of known concentration. The
volume titrated (NaOH) is then used in the following equation to determine the
percentage carbonate:

CaCO3 % = vol. NaOH * [NaOH] 10.009
2 weight of sample

These titrations were performed using a Metler DLAORC Automatic Titrator;
each sample run was accompanied by samples of four standards containing 80%,
50%, 30% and 10% carbonate. The standards did not appear to drift, so it was
assumed that the results (Appendix 2) obtained for the carbonate analysis were
acceptable.

2.2 Micropaleontological Census Procedure
2.2.1 sample Splitting

Determination of the microfossil population in the samples obtained from the
twelve USNS Eltanin cores required the splitting of the coarse sand fraction (>150
um) into sub-samples. Workers such as Kennett (1970) and Griggs et al. (1983) have
shown that the sample split produced is representative of the whole population. Many
workers recommend the use of a micro-splitter to take an unbiased split of
approximately 300 specimens. A sub-sample size is acceptable on the assumption that
if a given species represents 1% of the whole population then there is a 95% certainty
of that species being in the sub-sample split, if the split taken is random.

The coarse sand fraction (>150 pm) was used for the micropaleontological
census study. The selected sample is split down until a sub-sample containing
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approximately 300 individual specimens is obtained. Often a sub-sample split ranged
from 300-500 individual specimens; no samples split were under 300 individual
specimens.

2.2.2 Sample Mounting

The sub-sample splits of approximately 300-500 specimens were mounted on
micropaleontological slides (60 grid slides). The specimens were identified to genus
and/or species level. All cores had samples mounted at intervals of 20 cm; for cores
36-42, 34-1, 36-38 and 50-34 analyses were conducted at 10 cm intervals to provide
higher resolution results.

2.3 Semi-quantitative Micropaleontological Study

The fine sand (63-150 pm) samples from the four cores (36-42, 34-1, 36-38
and 50-34) analysed at intervals of 10 cm, underwent a semi-quantitative study in
which a random split of the fine sand was distributed over a 60 grid
micropaleontological slide. The particle material which fell into certain boxes was
counted and recorded to genus and/or species level.

2.4 Malvern Mastersizer Laser Particle Sizer
2.4.1 Theory of Malvern Laser Particle Sizer

A narrow beam of monochromatic light from a Helium-Neon Laser (650 nm
wavelength, with a maximum diameter of 18 mm) is passed through a suspension
containing particulate samples and the diffracted light from the particles is focused onto
a detector, which senses the angular distribution of scattered light energy (McCave et
al., 1986; Singer et al., 1988). A lens (Fig. 2.1) placed between the illuminated sample
with the detector at it’s focal point, focuses the undiffracted light to a point at the centre
and leaves only the surrounding diffraction pattern; this pattern is not affected by
particle movement through the beam. Therefore a flow of particles can pass through
the beam and generate a stable diffraction pattern (McCave ez al., 1986).

This diffraction pattern is the essential data that is analysed to produce a size
distribution. The fraction of light scattered is the sum of the individual particle
contributions; the scattered light is typically measured and integrated over the time the
particle takes to move through the beam. Particles in the suspension are not sized
individually and counted, instead the laser beam is large at the point of measurement
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and many thousands of particles are simultaneously illuminated. Particle size is
determined on the principle of the equivalent sphere; only one shape, a sphere, can be
described in three dimensions with one number (i.e. stating that a particle is a 50 pm
sphere fully describes the particle). The laser sizer measures some property of an
unknown particle and assumes this refers to a sphere of a volume equivalent to that of
the measured particle (Rawle, 1994).

2.4.2 Operational Set-up of Malvern Laser Sizer

Main Beam Processing
Focus and
Beam Expander Output

 Laser |

Receiver

Cell

Diffracted Ring
IL;:ﬁl Detector

Fig. 2.1 Schematic diagram showing the arrangement of the Malvern Laser Particle
Sizer (From McCave et al., 1986).

The Malvern Laser Sizer set-up involves a laser source, beam expander, sample
chamber, focusing lens and ring detector with associated electronics, and a systems
computer which runs measurement control and data storage (Fig. 2.1). The size range
detected by the laser sizer depends on the focal length of the focusing lens. The laser
sizer can measure particle sizes between 0.5 - 900 um. There are three focusing lens
(63, 100 and 300 mm) which can be changed depending on the range of particle sizes
in the samples: the 63 mm lens range is 1.2 - 118 um, 100 mm lens 1.9 - 188 pm, and
the 300 mm lens 5.8 to detection limit (McCave et al., 1986). Since the diffraction
pattern is not affected by the movement of particles through the beam the flow rate can
be high, which allows the analysis of a sample to be completed rapidly; full printout
can be obtained in five minutes. The step in the process which is rate determining is
cleaning the sample cell after each sample run. Approximately 40 samples can be run
per day (McCave et al., 1986).
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2.4.3 Operational Method of Malvern Laser Sizer

Mud samples (stored in buffer solution) were prepared for the laser sizer by
stirring the mud into a homogenous suspension. Using a pipette, 0.5 to 1 g of sample
was extracted and dispersed into the sample bath with the sample pump and stirrer all
operating reasonably vigorously. The sample was then sonicated for 10 secs. The
amount of sample dispersed was dependent upon the obscuration value, which ideally
should be between 18-25%. Once the sample was in the sample cell (Fig. 2.1) the
sample was analysed. On completion, the sample cell was drained and flushed clean at
least two times to ensure no sample particles remain. This process was then repeated
for each proceeding sample.

2.5 Smear Slide Analysis

Mud fraction (< 63 um) smear slides were made at 10 cm intervals in selected
cores (36-42, 34-1, 36-38 and 50-34) to determine their composition (qualitative study
of biogenic vs. terrigenous components).

Using a spatula, a small amount of mud was obtained, and was mixed with a
drop of water on a standard glass slide until the sediment and water were smeared into
a thin film. The slide was then dried on a hot plate (using a low temperature). When
the slurry was dry, a film of Araldite glue was placed over the sediment and covered
with a glass cover slip, care being taken to exclude air bubbles. The slide was then
placed on a hotplate at 60°C for 3 h to cure the glue. Once the glue had cured the slide

was ready for viewing, under a petrographic microscope.
2.6 Isotopic Analysis of Core Material

2.6.1 sample Collection

A stable oxygen and carbon isotopic analysis was undertaken on samples from
three cores (36-42, 34-1 and 36-38). These cores were chosen for isotopic analysis
due to their proximity to major oceanographic fronts and the availability of sinistral (s)
Neogloboquadrina pachyderma within the samples analysed; an additional factor for
analysing core 36-38 was that it contains abundant populations of both siliceous and
calcareous biogenic organisms. The >150 pm (coarse sand) fraction at 10 cm intervals
was picked and placed on a slide, ~40 Neogloboquadrina pachyderma (s) were picked

24



Chapter 2: Methodology

for analysis. Where possible, larger Neogloboquadrina pachyderma (s) were taken to
reduce the inclusion of juvenile foraminifera.

2.6.2 Sample Preparation

Picked samples were removed from the slide, placed in small bottles and
immersed in methanol. The bottles were placed in a sonic bath for 10 secs to remove
organic and fine material from the tests. Picked samples from core 36-38 were found
to disintegrate when placed in the sonic bath, and so this procedure was not used for
this core. The methanol, dissolved organic materials and disaggregated fine matter
from the foraminiferal tests were removed from the small bottles using a syringe.

Cleaned Neogloboquadrina pachyderma (s) were placed in small glass vials for
roasting, under a vacuum of ~ 1 Hg pum. The samples were baked at 375 °C for 3-4 h;
roasting was done overnight, allowing the sample to cool under vacuum as well.

2.6.3 sample Analysis

Samples were analysed on a Europa Scientific Geo 20-20 mass spectrometer,
using "Blue-box" preparation method of CO,. The oven (Blue-box), which was
maintained at a constant 70 °C, housed a reaction vessel in which the sample was
placed and suspended below a reservoir of 100% orthophosphoric acid. Samples were

reacted with the acid for 20 min; all reactions had to occur at a constant temperature so
that the reaction rate was constant, allowing no fractionation of the CO, gas being

produced from the reaction vessel (Hendy, 1995). The CO, from the oven was passed

through a water trap and a cold trap before entering the first cold finger on the Europa
20-20. CO, gas was transferred to the mass spectrometer as quickly as possible to

prevent fractionation.

Three standard samples were analysed at the start of a run to check the
calibration of the mass spectrometer. The standard used was Toilet Seat Standard
(TSS); the standard supplied by Dr I. Friedman (USGS) was originally a marble toilet
seat from the Smithsonian Institute before it became the standard NBS-19 (Hendy,
1995). The precision of the standards are O' % 0.05'%o vpdb and C" '+ 0.01 %o vpdb.
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2.7 X-Ray Diffraction Analysis of Cores

2.7.1 XRD Slide Preparation

The samples from cores 36-42, 34-1, 36-38 and 50-34 were taken at 10 cm
intervals for preparation of XRD slides. The slides were prepared for bulk
sedimentological analysis. Samples were made into a thick slurry which was applied to
glass slides by pipette. Once the slurry was evenly distributed (glass should not be
exposed so the x-rays will diffract off the sediment surface), the slide was left to air
dry over night. The slow drying allowed clay minerals to preferentially settle on their
flat faces, thereby increasing the peak intensities of the clays.

2.7.2 XRD Analysis

Smear slide samples for X-ray diffraction were scanned from 3-40° 2@ min-1,
using the setting: speed at 0.05, chart speed at 10 mm.min-l, range at 5x10° , T.C at
2.0, slit spacing at 0.2, voltage at approximately 34 kV, and current at about 26 mA.

At the start of every run a set of two quartz standards were run between 20°-21° 2@,
and had to show a peak height of 6.5 units at 20.8°; it was found that the quartz
standard peak was consistently displaced by 0.3° 2@, so that a small correction in peak
position was applied to all samples.

2.8 Scanning Electron Microscope (SEM) Analysis

SEM analysis of the mud fraction was undertaken on three cores (36-42, 50-34
and 36-38) and on picked foraminifera and radiolaria from the >150 um fraction. The
SEM stubs of the mud fraction were prepared by placing a very small amount of the
mud fraction onto the graphite sticker of the stub, then adding a drop of water to smear
the mud into a thin film. The stubs were then allowed to dry overnight, before being
sputter coated with platinum. Coated stubs were then observed under the SEM, and
photographs taken of dominant sedimentary features. Picked foraminifera and
radiolaria were mounted on the graphite sticker with the aperture of the foraminifera

facing upwards.
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Chapter 3: Core Lithostratigraphy

3.1 Introduction

This chapter highlights general lithostrati graphic properties of the NZSSO cores
(Table. 1.5) in this study, briefly commenting on particular lithological properties of
interest. It collates and summarises lithostratigraphic information, such as dominant
sediment types, colour and other lithologic features, noted in three USNS Eltanin
Core Descriptions (Goodell, 1968; Florida State Univerity, 1971, 1973) and combines
these with personal observations of the core sediments. Water depths vary greatly with
core location, ranging from outer shelf on the Campbell Plateau to abyssal in the
Southwest Pacific Basin (Fig. 3.1). An attempt is made to compare and contrast the
broad similarities and differences between the cores of this study and those from other
studies. Core logs are summarised on Fig. 3.2 which for convenience appears as an
extended foldout on page 37

3.2 NZSSO Core Lithostratigraphy

3.2.1 Core 36-42 (Campbell Plateau, 52°S, 461 m)

The sediment is composed of sandy foraminiferal ooze (Fig. 3.2A), containing
molluscan fragments (ranging to gravel size) and bryozoa throughout the 1 m length,
indicative of the outer shelf to upper bathyal depth of the core (Figs. 3.1 and 3.3). The
dominant lithology does not change downcore, although two boundaries are noted,
marked by distinct colour changes. From 0-16 cm is greyish olive sandy foraminiferal
ooze, containing sponge spicules, echinoderm spines and glauconite. The sharp base
of this upper unit corresponds to a colour change to greyish white, and higher
carbonate values. This greyish white foraminiferal ooze extends from 16-65 cm and
has a gradational lower boundary into olive grey foraminiferal ooze (65 cm to base),
with shell fragments and bryozoa with minor amounts of echinoderm spines. All three
units are highly calcareous, with very good microfossil preservation.

3.2.2 Core 36-41 (Campbell Plateau, 52°S, 951 m)

The core sediment is a sandy foraminiferal ooze that is mottled to greyish
white, highly calcareous and has good preservation of microfossils (Fig. 3.2B). No
lithologic boundaries are detected in the top 1 m of this core. Core 36-41 lies close to
core 36-42 (Fig. 3.3), but is at greater depth (i.e. mid-bathyal). Rare ice-rafted debris

is present.

28



Depth (m)

500
1000
1500
2000
2500
3000
3500
4000

4500
5000

Fig. 3.1 Cross-section shown in Fig. 1.5 with superimposed positions of the NZSSO cores in this study. The majority of the cores in fact lie just to

Campbell

Plateau

SW Pacifid

" Mid Ocean

Basin

Ridge

Antarctica

Balleny Basin

50° 51° 52° 53° 54° 55° 56° 57° 58° 59° 60° 61° 62° 63° 64° 65° 66° 67° 68" 69° 70° 71°72° 73" 74" 75° 76" 7T’

ASW

AASW

AATW

__JCPDW(u)

Latitude (°S)

LCPDW(2) .AABW

the east of this transect profile along 170°E (see Fig. 1.4). Figure adapted from Gordon et al. (1982).

500

1000
1500
2000
2500
3000
3500
4000
4500
5000



Chapter 3: Core Lithostratigraphy

3.2.3 Core 16-9 (Campbell Plateau, 52.5°S, 1052 m)

The top 1 m of this core is a sandy foraminiferal ooze, with good preservation
of microfossils, lying at mid-bathyal depths. The core involves two units separated by
a sharp colour boundary at 20 cm. The upper unit is a highly calcareous olive grey
sandy foraminiferal ooze, while the lower unit is a greyish white clayey foraminiferal
ooze with a higher carbonate content. The lower unit is broken at 85 and 90 cm by two
inclined stripes (at 30° to the horizontal) of bluish grey stiff clay (Fig. 3.2C).

3.2.4 Core 36-40 (Southern Campbell Plateau, 53°S 783 m)

This upper bathyal depth core is a continuous light yellow brown sandy
foraminiferal ooze (Fig. 3.2D) with mollascan fragments, echinoderm spines,
radiolaria and bryozoa, in decreasing order of abundance downcore. The core sediment

is highly calcareous with microfossils well preserved.
3.2.5 Core 34-1 (Campbell Plateau margin, 54°S, 1041 m)

The top metre of this core is highly calcareous sandy foraminiferal ooze, from a
mid-bathyal depth. The preservation of microfossils is good. The core comprises three
colour units (Fig. 3.2E). The upper unit, from 0-18 cm is a light grey foraminiferal
ooze with occasional radiolaria. It has a sharp base at 18 cm across which the colour
changes to a light greyish yellow foraminiferal ooze (18-58 cm), more mud, and with
scattered remains of echinoderm spines, sponge spicules and radiolaria. At 58 cm a
gradational boundary leads into a light grey foraminiferal ooze (58 cm to core base),

with occasional radiolaria.

3.2.6 Core 36-39 (Southern Campbell Plateau, 54°S, 2999 m)

Of the 50 cm of the core obtained the lithology is highly calcareous clayey
foraminiferal ooze, from a lower bathyal depth, with good preservation of
microfossils. One colour change (Fig. 3.2F) occurs at 18 cm. The upper unit (0-18
cm) is a white foraminiferal ooze with occasional echinoderm spines and radiolaria,
and some micronodules of manganese. Across the boundeiry at 18 cm the colour
changes to a greyish yellow, and micronodules of manganese remain present. The
boundary appears to represent a change in texture, with decreasing mud and increasing

sand downcore, and a decrease in fragmentation as well.
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3.2.7 Core 16-8 (Southwest Pacific Basin, 56°S, 5117 m)

Core 16-8 lies at abyssal depth, and is dominantly a sandy silt (biogenic SiO2,
CaCO3 <10%, sand 10-30%). There is very poor preservation of calcareous biogenic
material, but good preservation of siliceous biogenic material (Fig. 3.2G). Three
colour changes occur down core. From 0-51 cm is a dark reddish brown terrigenous
sandy silt (dominated by quartz and plagioclase feldspars) with abundant siliceous
biogenic material and sparse calcic planktic and benthic foraminifera. At 4-9, 32 and 48
cm micromanganese nodules are abundant. From 51-89 c¢m the colour changes to a
greyish yellow brown, but with little apparent change in sediment type. Burrowing
associated is with the colour boundary. The final 11 cm of core is olive coloured sandy
silt.

3.2.8  Core 36-38 (South Emerald Basin, 56.5°S, 4129 m)

The entire top metre of core 36-38 is a greyish olive mud with abundant sponge
spicules containing scattered remains of radiolaria, diatoms and foraminifera, in
decreasing order of abundance. The core contains biogenic SiO, >30%, a CaCO,
content of 10-30%, and sand 10-20%. It comes from an abyssal depth, and while
preservation of siliceous material is good, that of calcareous material is moderate to
poor. Heavy minerals are conspicuous throughout the core (Fig. 3.2H).

3.2.9 Core 50-35 (Southwest Pacific Basin, 59°S, 5025 m)

Core 50-35 has two lithologies, sandy diatomaceous ooze and muddy
diatomaceous ooze, seperated by gradational colour boundaries (Fig. 3.2I). The
sediments have no carbonate material and good preservation of siliceous biogenic
components. The upper unit of sandy diatomaceous ooze (0-69 cm), with radiolaria
and mud in decreasing order of abundance, and is bounded by a basal gradational
boundary. The colour of this unit is mottled yellowish brown to olive yellow. It’s
lower boundary is gradational into a sponge spicule bearing unit whose colour is
mottled from brown to olive. This unit is bounded at the base by another gradational
boundary at 83 cm across which the lithology changes to muddy diatomaceous ooze
with abundant radiolaria (Fié. 3.2I). This lowest unit is mottled olive to brown.
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3.2.10 Core 50-34 (Southwest Pacific Basin, 60°S, 4863 m)

Two lithologies dominate downcore: a diatomaceous ooze (0-80 cm) changing
to a muddy sand diatomaceous ooze (>80 cm) near the base of the core (Fig. 3.2J).
There is good preservation of biosiliceous material, insignificant calcium carbonate is
present (< 2%) and the terrigenous content increases downcore. From 0-80 cm is a
diatom ooze containing scattered concentrations of radiolaria and sponge spicules,
along with mica and micronodules of manganese. This 80 cm thick unit is divided in
three by gradational boundaries at 18, 28 and 44 cm marked by colour changes; the
dominant colours are olive inter-mottled with a lighter yellow olive (Fig. 3.2J). At 80
cm lies a gradational boundary across which the lithology changes to a muddy sand
diatomaceous ooze, with abundant radiolaria. This lowest unit is greyish yellow

brown.

3.2.11  Core 34-3 (Southwest Pacfic Basin, 60'S, 4517 m)

Core 34-3 lies at abyssal depths (Fig. 3.3). Two lithologies are present in the
top 1 m of core, radiolarian ooze and spicule/radiolarian ooze, with good preservation
of biogenic siliceous material. Colour changes alternate down core from dark olive to a
lighter grey olive (Fig. 3.2K), these colour changes occur across gradational
boundaries. 0-40 cm is a radiolarian ooze with scattered remains of sponge spicules
and diatoms in decreasing order of abundance downcore. Units between 40-50 cm and
50-60 cm are a sandy radiolarian ooze with local concentrations sponge spicules, and
increased terrigenous material downcore. The distinguishing feature between these two
units is a colour change from greyish olive to dark olive across a gradational boundary
at 50 cm. From 60-70 cm is an olive radiolarian ooze containing sponge spicules and
scattered diatoms. Terrigenous material influx to the sediment decreases downcore.
From 70-80 cm a darker black olive radiolarian ooze, with sediment type and texture
very similar to overlying units (Fig. 3.2K), terrigenous material influx continues to
decrease. A gradational boundary at 80 cm leads into a greyish olive sandy radiolarian
ooze (80-90 cm) with scattered sponge spicules and diatoms, and increased amounts of
terrigenous material. Between 90-100 cm the core material changes to a spicule /

radiolarian ooze with scattered diatoms.

3.2.12  Core 50-33 (Southwest Pacfic Basin, 61°S, 4550 m)

The core contains two lithologies, a dominant muddy diatomaceous ooze, and a

gravelly mud ooze (Fig. 3.2L). There is very poor preservation of calcareous biogenic
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Fig. 3.3 Location of NZSSO cores in relation to major oceanic fronts in the
NZSSO. Cores north of the SAF commonly have correlatable colour boundaries;
those south of the SAF, however show little intercore similarity. The base
of the depicted cores represents their position. Labeled red points refer to core
lithostratigraphies of other regional cores in Fig. 3.4. Bathymetry in metres.
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material, only the core top surface contains calcareous biogenic material which is
dominated by sinistrally coiled Neogloboquadrina pachyderma and calcareous
fragments. All calcareous material shows signs of dissolution, and below the core top
the calcium carbonate percentage drops from 13% to < 1%. Biosiliceous material is
well preserved. From 0-24 cm is a reddish brown mottled with dull yellow orange
muddy diatomaceous o0oze, containing radiolaria, terrigenous material and
foraminifera, in decreasing order of abundance. The unit has a gradational lower
boundary into a reddish brown gravelly mud ooze, with abundant radiolaria, diatoms
and heavy minerals. This in turn has a gradational base (43 cm), and from 43-67 cm
the lithology returns to reddish brown mottled with dull yellow orange muddy
diatomaceous ooze containing abundant heavy minerals. Another gradational boundary
occurs at 67 cm into a muddy diatomaceous ooze containing micronodules of
manganese and abundant heavy minerals that is mottled between dull yellowish brown
and dull yellow orange and continues to the base of the described core.

3.3 Relationships to Other NZSSO Cores

The main similarities between the NZSSO cores of this study and other
previously described cores from the region (Fig. 3.4; Appendix 4) are the relationships
that exist between core lithology, core latitude, core depth and the local/regional

environmental conditions.

® Cores on the Campbell Plateau are calcareous (foraminifera, nannofossils,
mollusca fragments, and echinoderm fragments), whereas those beyond the plateau
and south of 50°S latitude tend to be siliceous, and dominated by diatoms and
radiolaria. Exceptions to this include cores Elt 36-36 and Elt 36-37 which have
units where calcareous foraminiferal oozes dominate (Fig. 3.4 K and M). This
probably relates to their positions on the topographic high of Balleny Plateau (Fig.
1.1A, #14), where calcareous material may be preserved above the lysocline (c.
3600-4100 m) and carbonate compensation depth (~4700 m) (Lisitzin, 1972), or
locally CaCO3 can exceed 80% where benthic foraminifera and sponge spicules
form an interlocking weave (Goodell et al., 1973). The upper unit of core 50-33,
the southernmost core of this study, contains planktic foraminifera at a depth of
5000 m. At this depth calcaréous material should have been removed by
dissolution from the sediment. The preservation of calcareous sediments at this
depth may be due to an absence of cold, carbon dioxide-rich AABW washing over
the site as the Southeast Indian Ridge prevents the corrosive AABW from entering
the Southwest Pacific Basin (Fig. 1.5) (Berger, 1968; Rodman & Gordon, 1982).
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colours used in this figure are an attempt to reproduce described colours from
the core descriptions (Appendix 4). Cores E and F show manganese (Mn) nodules

and associated colour changes. Core positions are shown in Fig. 3.3. The
throughout the core length.

Fig. 3.4 Other sediment cores from the NZSSO region
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Core Y12 (SWPAC 6B, Fig. 3.4C) shows a colour change between 15-25 c¢m
attributed to the transition between glacial stage 2 and interglacial (Holocene) stage
1 (Carter, 1997). There appears to be no obvious change in dominant sediment
type across this colour boundary. Thus other cores locally may include a colour
change at a similar depth that represents the transition from glacial into interglacial
sedimentation patterns, as observed in cores Elt 16-1, possibly Elt 16-6 (Fig. 3.4
A and L), and in 36-42, 16-9, 36-39 and 34-1 of this study (Fig. 3.5). This allows
a degree of correlation between cores that lie on the Campbell Plateau (Fig. 3.3).
Cores that lie off the Plateau and south of the SAF cannot be correlated to northern
cores using colour boundaries or lithologies due to a dominant biogenic sediment
type and depositional changes, as well as extensive erosion and reworking of the
sediments (Heezen & Hollister, 1964; Waktins & Kennett, 1972; Goodell et al.,
1973)

36E39/__ ] &

|
f
|
|

| P

Fig. 3.5 Shows the correlation between four of the northern NZSSO cores of this study,

based on colour changes downcore. Though cores 36-41 and 36-40 do not show
colour changes, correlation can be made due to textural changes (see Section 4.3)

Many cores show evidence of low sedimentation rates through the presence of
manganese-rich sands and micro-nodules and of glauconite (Plate 3.1 A-C).
Manganese-bearing material dominates the surface sediments of cores in areas
washed by fast moving currents, such as cores 16-8, Y11 (Fig. 3.4F) and DSDP
276 (beneath DWBC, Fig. 3.4E), and cores situated in deep water (3000-4700 m)
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Fig. 3.6 (A) Paleomagnetic polarities for selected cores as a function of depth

below the top of each core. Black areas represent times of normal polarity
and open areas shows intervals of reversed polarity. (B) Shows assigned time
ranges. Adapted from Watkins and Kennett (1972), Ledbetter er al. (1983), and
Osborn et al. (1983).
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beneath the ACC (i.e., Elt 36-37, Elt 36-35, Elt 36-36, Elt 16-1, Elt 16-2, Elt 16-
4, Elt 16-6, 34-3, 50-34 and 50-35) (Glasby, 1976; Watkins & Kennett, 1977).

Some of the cores mentioned above (34-3, 50-34, 50-35, 36-37, 16-4 and 16-6)
show evidence of surface erosion and winnowing, forming hiatuses in the
sediment record. Paleomagnetic (accompanied by biostratigraphic) dating of the
sediments suggests cores within Emerald Basin, Southeast Indian Basin, and the
western sector of the central junction between the Southeast Indian Ridge and
Pacific-Antarctic Ridge are missing Brunhes sediment younger than about 0.6 Ma
(Fig. 3.6). During the Brunhes (0-0.78 Ma) the abundances of erosional hiatuses
decreases, suggesting a decrease in the intensity of ACC (and/or ACC-DWBC
coupled) or CPDW (Osborn et al., 1983).

These hiatuses in the sedimentary record result from either: (1) a lack of
deposition through complete reduction in biogenic productivity. This is unlikely
due to the moderate to high productivity of the subantarctic watermasses
(Bradford, 1980 a/b). (2) The removal of sediment on a regional extent (Watkins &
Kennett, 1972). The three sources of evidence for the removal of sediment by sea-
bottom current activity comes from bottom current velocity measurements, sea-
bottom photographs and sedimentology. Currents greater than 15 cm/sec are
needed for the erosion of noncohesive particles of fine sand and finer sizes and
may be effective on coarser sand-sized fractions (Heezen & Hollister, 1964).

Current speeds of 10-50 cm/sec have been recorded in the region, sufficient to
mobilise cohesionless sediment (Gordon, 1971; Goodell et al., 1973). Bottom
photographs of rippled seafloor (e.g. Plate 1.1) corroborates the measured
velocities. Areas of Brunhes sedimentation are dominated by lower velocity
currents. The sedimentology of the scoured regions is dominated by a coarser,
higher density fraction (Watkins & Kennett, 1972). Sites of extensive erosion in
the NZSSO are found in the south Emerald Basin and Southwest Pacific Basin.
This contrasts with cores from the Tasman Basin, Southeast Indian Ridge,
Campbell Plateau and Antarctic Continental Rise, where Brunhes or Brunhes and
upper Matuyama sediments are widespread (Fig. 3.7) (Goodell & Watkins, 1968;
Watkins & Kennett, 1972; Watkins & Kennett, 1977; Osborn et al., 1983).

DSDP 276 and Y11 (Fig. 3.4 E and F) lie in the Campbell Drift region (along the
slope margin of Campbell Plateau), and have a dominantly gravelly, sandy silt
texture, with ferro-manganese varnish coating the sand grains which are very well

rounded (Ovenshine er al., 1973). Little biogenic sediment, calcareous or siliceous,
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is associated with these drift sediments, and any biogenic material present is
typically fragmented, the calcareous material being affected moreso than the
siliceous. Core 16-8 lies on the southern edge of the Campbell Drift (Fig. 3.7) and
has similar sedimentary types and textures as those described for DSDP 276 and
Y11. NZSSO core 16-8 contains a high proportion of coarse rock and biogenic
debris throughout, which is strongly abraded and thus certainly reworked, which
is constructing a accretionary deep-sea sand (Carter & McCave, 1997).

3.4 Summary

From the lithostratigraphic evidence of the studied NZSSO cores and other
cores from the region, the NZSSO cores can be divided into two subsets. A northern
group lying north of the SAF and on the southern margins of the Campbell Plateau,
and a southern subset lying south of the SAF in the south Emerald Basin and
Southwest Pacifc Basin.

The northern NZSSO cores can often be correlated on the basis of colour
marked boundaries, lithology and sedimentary textures. The southern<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>