&

"& #

%

$

$ %

% &

+ %






The Palacoceanographical Significance of Diatoms in

late Quaternary Sediments from the south-west Pacific

Catherine Emma Stickley

Thesis submitted for the degree of
Doctor of Philisophy

University of London

Postgradute Unit of Micropalaeontology
Department of Geological Sciences
University College London

September 1998



ProQuest Number: 10010570

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10010570
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



)*

#

)*

($B" )

/

(1

$$



This work is dedicated to Leonora Amalia Nesbitt (neé de Alberti),

who should have been here to read it.



For Ron, Penny and Mark

“What a marvelous cooperative arrangement -
plants and animals each inhaling the other’s exhalations,
a kind of planet-wide mutual mouth-to-stoma resuscitation,

the entire elegant cycle powered by a star 150 million kilometers away.”

Carl Sagan - Cosmos



CONTENTS

Abstract

Contents

List of Figures

List of Tables

List of Plates

Glossary of acronyms and units in text and figures
Acknowledgements

Section;

1. Introduction: The Study of the Oceans and the Importance of the SW Pacific Gateway.

2. Regional Setting.
2.1 Geographical and Geological Context.
2.2 The Eastern New Zealand Oceanic Sedimentary System (ENZOSS).
2.2.1 Introduction.
2.2.2 Modern Oceanography.
2.2.2.1 Modern Global Ocean Circulation Patterns.
2.2.2.2 The Importance of the Antarctic Circumpolar Current.
2.2.2.3 Modern Oceanography within the ENZOSS: The importance of the DWBC.
2.2.3 Submarine Topography and Modern Sedimentary Regime within the ENZOSS.
2.2.3.1 Introduction: History of Sedimentation and Modern Sediment Sources.

2.2.3.2 Bathymetry and Sedimentary Types.

3. Diatoms: Biology, Modern Ecology and Palaeoceanographical Uses.
3.1 Introduction.
3.2 Diatom Biology and Ecology.
3.2.1 Diatom Size and Morphology.
3.2.2 Mode of Life.
3.2.3 Life-Cycle.
3.2.4 Diatom Resting Spores.
3.2.5 Diatoms as Environmental Indicators.
3.3 Marine Diatoms.
3.3.1 Modern Distribution.
3.3.2 Palaeoceanographical Uses of Marine Diatoms.
3.3.3 The Southern Ocean: Modern Diatom Distributions and Palaeoceanography.
3.3.3.1 Southern Ocean: Modern Diatom Distributions.

3.3.3.2 Southern Ocean: Diatom Palacoceanography.

-5.

Page

10
11
12
13
14

17

21
22
22
22
22
24
24
28
33
33
34

37
38
38
38
41
41
42
42

R

46
46
47



* = J 1
8 5, # #
*e 1 1o#
'*_*$ *
JKa*o 1 1 1 #
’*_*_*$ *
L . < ! G "
,*_*_*% L 7
0% > " &
+ < &+ #
,*%*$ *
L *Op* - ] &+ # " B
+ 1 1 #
,*%*_*$ *
S | 3 .2
K%x-F% &+ # "1
% %% 1 1| "o
!*! # "
1*1*$ *
!*1* 1 # 1 #
,*,*_*$ 1 # =
* ok _k_ 1 # o" #

I* < *

| * #5 2
1*3 0 L < " 5 7!

F 1 1 # F & *
3.
3%
3%
3%
3%
3-
" 3,
1 1 #5
" PR, 33
33
&+ # " # "o 33
33
" 3A
. 3A
l.
" Eog 1$
1$
F & 5 7 # *
( =) 2"
" 1%
F g 1%
8 13
A
B
A%
71 # 1" * A,
x A3
71 (1 ) 7> * Al
AK
" B.
B$
B$



Page

7. Age Control for the ENZOSS Cores and Sedimentological Database. 84
7.1 Sedimentological Database. 85
7.2 Age Control. 85

7.2.1 Introduction. 85
7.2.2 Tephra Chronology. 87
7.2.3 Oxygen Isotope Chronology for the ENZOSS Cores. 91

8. Results. 94

8.1 Overview. 95
8.1.1 Reconnaissance Smear Slides. 95
8.1.2 Estimations of Carbonate and Organic Matter. 96
8.1.3 Count Data: '
Categorisation of Diatoms, Diatom Concentrations, DARs, Diversity and Relative Abundances. 96

8.2 Results from Core-Top Samples and Cores. 103
8.2.1 Core-Top Samples. 105

8.2.1.1 Introduction. 106
8.2.1.2 Reconnaissance Smear Slides. 106
8.2.1.3 Detailed Count Data. 107
8.2.2 Core Chat 3K/S927: Chatham Deep Dirift. 116
8.2.2.1 Introduction. 117
8.2.2.2 Reconnaissance Smear Slides. 117
8.2.2.3 Processing. 117
8.2.2.4 Count Data: Concentration, DARs and Relative Abundances. 118
8.2.3 Core Chat 11K/R626: Louisville Moat Drift. 132
8.2.3.1 Introduction. 133
8.2.3.2 Reconnaissance Smear Slides. 133
8.2.3.3 Processing. 133
8.2.3.4 Count Data: Concentration, DARs and Relative Abundances. 134
8.2.4 Core Chat 1K/S924: North Chatham Drift. 146
8.2.5 Core Chat SK/S929: North Chatham Drift. 151
8.2.6 Core Chat 16K/R657: Rekohu Salient. 156
8.2.7 Core Chat 10K/S929: North Chatham Terrace. 160
8.2.7.1 Introduction. 161
8.2.7.2 Reconnaissance Smear Slides. 161
8.2.7.3 Processing. 162
8.2.7.4 Count Data: Concentration, DARs and Relative Abundances. 162
8.2.8 Core Chat 15K/R649; Patch Drift on North Hikurangi Plateau. 178
8.2.9 Core Chat 7K/S931: Rekohu Drift. 182
8.2.10 Core Chat 8K/S932: Hikurangi Fan-Drift. 182

-7-



8.2.11 Core W137: Bounty Fan.
8.2.12 Core Chat 4K/S928: Louisville Moat Drift.
8.2.12.1 Introduction.
8.2.12.2 Reconnaissance Smear Slides.
8.2.12.3 Processing.
8.2.12.4 Count Data: Concentration and Relative Abundances.
8.3 Reliability of Reconnaissance Count Data.
8.4 Statistical Analyses: Results.
8.4.1 Principal Component Analysis.
8.4.2 Factor Analysis.

9. Late Quaternary Palaeoceanography East of New Zealand:
An Examination of Results From This Study.
9.1 Introduction.
9.2 Palaeoclimatic Issues.
9.2.1 Diatoms as Deep Ocean Current Tracers:
Inferences in Change of Abyssal DWBC Flow Intensity in the late Quaternary.
9.2.1.1 Introduction.
9.2.1.2 The Concept of Endemic Antarctic Diatoms as Tracers of AABW.
9.2.1.3 Methods for Distinguishing Tracer Diatoms: Entrainment Versus Reworking.
9.2.1.4 Model and Assumptions for Palaeo-Flow Intensity Inferences.
9.2.1.5 Diatom-Inferred Fluctuations in DWBC Flow Intensity in the late Quaternary.
9.2.1.6 Diatom Tracer Evidence Versus Grain Size Analysis.
9.2.1.7 Benthic 8'*0 Variation and Bottom Water Production.
9.2.1.8 Carbonate Cycles and DWBC Flow.
9.2.1.9 Factor Scores.
9.2.1.10 Concluding Remarks.
9.2.1.11 Problems and Future Work.
9.2.2 Evidence for Enhanced Wind-Induced Upwelling and Palaeoproductivity on the North
Chatham Rise in the Last Glacial.
9.2.2.1 Introduction: Diatom and Non-Diatom Upwelling Indicators.
9.2.2.2 Present Day and Background Level Upwelling in the ENZOSS.
9.2.2.3 Enhanced LGM Upwelling in the ENZOSS.
9.2.2.4 Evidence From This Study For Enhanced Glacial Upwelling.
9.2.2.5 Concluding Remarks.
9.2.3 Qualitative Evidence from Diatom Data for Surface Water Warming
North of the Subtropical Convergence during Oxygen Isotope Stages 1, 3 and 5.
9.2.3.1 Introduction: Diatom Ratio Data as a Proxy for Sea Surface Temperature.

Page
182
188
189
189
190
190
203
205
206
210

215
216
217

218
218
218
222
224
226
234
235
236
237
238
240
242

242
244
245
246
257

259
259



Page
9.2.3.2 Surface Water Warming Events in the ENZOSS for the Last Glacial Cycle, North of the

Subtropical Convergence. 261
9.2.3.3 Concluding Remarks. 264
9.3 Non-climatic Issues. 265
9.3.1 Effects of Tephra Deposition on Diatoms. 266
9.3.1.1 Introduction. 266
9.3.1.2 Effects of Tephra on Diatom Abundance in the ENZOSS. 268
9.3.1.3 Suggestions for Sharp Abundance Peak in Benthic Marine Diatoms
Above a Tephra Layer in Chat 4K. 268
9.3.1.4 Concluding Remarks. 272
9.3.1.5 Future Work. 273
9.3.2 Observations on The Distribution of Azpeitia tabularis (Grunow) Fryxell & Sims 1986
in the ENZOSS. 275
9.3.2.1 Introduction. 275
9.3.2.2 Modem Distribution in the ENZOSS. 276
9.3.2.3 Downcore Distribution in the ENZOSS. 279
9.3.2.4 Concluding Remarks. 279
9.3.3 Suggested Age Model for Chat 4K. 281
10. Project Conclusions, Problems and Future Work. 284
10.1 Introduction. 285
10.2 Conclusions of Palaeoclimatic Issues. 285
10.2.1 Introduction. 285
10.2.2 DWBC Flow in the late Quaternary. 286
10.2.3 Variations in Intensity of Upwelling and Palaeoproduction in the late Quaternary. 287
10.2.4 Qualitative Evidence for Changes in SST in the late Quaternary. 288
10.3 Conclusions of Non-Palaeoclimatic Issues. 290
10.4 Problems, Improvements and Future Work. 290
10.4.1 Problems and Improvements. 290
10.4.2 Future Work. 291
References. 293
Appendices. . 333
Appendix 1: Core Descriptions and Sample Depths for this Study 334
Appendix 2: Silica Selective Processing: Experiments. 344
Appendix 3: Count Data from Processed Samples. 351
A: Core-top Sample 351
B: Core Chat 3K: Chatham Deep Drift. 355



C: Core Chat 4K: Louisville Moat Drift.

D: Core Chat 10K: North Chatham Terrace.

E: Core Chat 11K: Louisville Moat Drift.
Appendix 4: PC1 and Factor Scores.

A: PC1 Scores on Reconnaissance Smear Slides.

B: Factor Scores on Processed Samples.
Appendix 5: Taxonomy and Plates.

LIST OF FIGURE

Figure;

2.1 Location of study region in its geological context

2.2 Ocean circulation

2.3 Aspects of modern antarctic oceanography

2.4 The Eastern New Zealand Sedimentary System (ENZOSS)
2.5a Surface water masses and oceanic fronts in the ENZOSS

2.5b Subsurface water masses of the Eastern Chatham Rise-Valerie Passage region

3.1 Components of diatom frustule structure

3.2 Diatom frustule in cross-section indicating two asexual stages in the reproductive cycle

4.1 The three components of the Milankovitch Hypothesis
4.2 The SPECMAP timescale

6.1 Core and core-top sample locations

7.1 Graphic logs of the ENZOSS cores showing tephra correlations
7.2 Stacked 5'%0 Uvigerina spp. profile (with inset)

8.1-8.6 Results for Core-top samples
8.7-8.15 Results for Chat 3K
8.16-8.24 Results for Chat 11K
8.25-8.26 Results for Chat 1K
8.27-8.28 Results for Chat SK
8.29-8.30 Results for Chat 16K
8.31-8.40 Results for Chat 10K
8.41-8.42 Results for Chat 15K

-10-

Page
362
368
375
382
382
384
388

Page

23
25
26
27
29
29

40
40

53
59

69

88
92

110-115
123-131
137-145
149-150
154-155
158-159
168-177
180-181



8.43 Results for Chat 7K

8.44 Results for Chat 8K

8.45 Results for core W137

8.46-8.54 Results for Chat 4K

8.55 PC1 sample scores on reconnaissance smear slides

8.56 Nannofossil abundance (%) for comparison with fig. 8.55

9.1 Diagrammatic representation of methods of entrainment of AABW tracer diatoms
in AABW flow.

9.2 DWBC flow indicators. Chat 11K and Chat 4K

9.3 DWBC flow indicators. Chat 3K

9.4 Concentration of AABW tracer F. kerguelensis as a function of water depth, for core-tops

9.5 Deep water circulation at the antarctic source for glacial and interglacial times

9.6 Concentration of freshwater diatoms

9.7 Composite diagram of upwelling indicators for the ENZOSS as a function of age

9.8 Suggested scenario for a diatom-rich layer above a tephra in Chat 4K

9.9 Geographical distribution of Azpeitia tabularis Type 2

9.10 Geographical distribution of Azpeitia tabularis Type 1

9.11 Correlation charts for Chat 4K age model

10.1 Palaeoceanographical history of the ENZOSS during the last climatic cycle

A5 Measurements taken on diatom valves and frustules

LIST OF TABLES

Table:
2.1 Subsurface water mass properties

6.1 Core location data

6.2 Core-top location data

7.1 Main tephras identified in the ENZOSS area
7.2 Depth and thickness of tephra in the cores used in this study only
7.3 Oxygen isotope event dates applied to cores in this study

8.1 Loadings table for PC1 on reconnaissance sample counts

82 Ordered factor loadings table for detailed sample counts

10. 1 Summzj of Main porneockimatic andeaCO‘w":j’“{'“" WALS tdentified
-11 -

Page
185

186

187
194-202
208
209

219
228
231
233
239
250
253
274
277
278
282

289

389

Page

29

70
71

89
90
93

206

212-214
izqa



LIST OF PLATE

Plate and Plate Description:

1: Extant Cold Water Diatori§)Group

2: Extant Cold Water Diaton@ Group

3: Extant Cold Water Diatorr@Group

4: Extant Warm Water Diatoms Group

5: Extant Warm Waters Diatoms Group

6: Neritic/Freshwater Diaton@Group

7: Neritic/Freshwater Diatom?s;éGroup and Extinct Diatoms Group
8: Other Diaton@@z&'and Silicoflagellates

9: Chaetoceros resting spores

-12 -

Page

475-476
477-478
479-481
482-483
484-485
486-488
489-491
492-493
494-495



Glossary of acronyms and units in text and figures

See text for definitions of scientific terms.

AABW
AAC
AATW
AAW
ACC
ASW
CCD
cm’ka’
CRS
CSTW
CSwW
DAR
DMAR
DWBC
ECRC
ENZOSS
FA

gem? ka™!
gdw’
IOSDL
LCDW
LGM
NADW
NIWA

1

NPDW
OIS
PCA
PDB
SAF
SAMW
SOC
SST
STC
UCDW
\%

Antarctic Bottom Water

Antarctic Convergence

Antarctic Intermediate Water

Antarctic Water

Antarctic Circumpolar Current

Australasian Subantarctic Water

Calcium Carbonate Compensation Depth

per square cm, per thousand years (refers to DAR)

Chaetoceros resting spores (used in some figures and Appendix 3)
(Cool) Subtropical Water

Circumpolar Subantarctic Water

Diatom Accumulation Rate

Dry Mass Accumulation Rate

Deep Western Boundary Current

Environmental Change Research Centre (University College London)
Eastern New Zealand Oceanic Sedimentary System

Factor Analysis

grams per square cm per thousand years (DMAR units)

per gram dry weight (refers to diatom concentration)

Institute of Oceanographical Sciences Deacon Laboratory (now part of SOC)
Lower Circumpolar Deep Water

Last Glacial Maximum

North Atlantic Deep Water

National Institute for Water and Atmospheric Sciences (New Zealand
Oceanographic Institute, Wellington)

North Pacific Deep Water

Oxygen Isotope Stage

Principal Component Analysis

‘Pee Dee’ Belemnite

Subantarctic Front

Subantarctic Mode Water

Southampton Oceanography Centre

Sea Surface Temperature

Subtropical Convergence

Upper Circumpolar Deep Water

Diatom valves other than Chaetoceros resting spores (used in some figures)

-13-



Acknowledgements

This project was carried out under NER.C. Research Grant GT4/94/212/G. I am grateful to the Council
for this plus the provision of additional travel funds over 3 years.

I am very grateful to my supervisor Professor Alan Lord (Geological Sciences, U.C.L.) for his
encouragement and most helpful criticism throughout the project at every stage, for help with ideas on how
to approach aspects of the work and for reading and re-reading vast quantities of text; Professor Richard
Howarth (Geological Sciences, U.C.L.) for undertaking all statistical computations twice during this project
and providing printed results, his advice and guidance on statistical methodologies and suggestions of text
for some statistical sections; Dr. Elspeth Urquhart (Geological Sciences, U.C.L.) for guidance and help on

siliceous microfossil analysis and general aspects of this work.

I am also extremely grateful to Dr. Lionel Carter (NIWA, Wellington) for his fast (and most welcome)
response to a myriad of queries via e-mail, expert advice on many issues concerning the ENZOSS, for
supplying photographic slides and publications, his advice on core-sampling techniques, allowing me to
sample core W137 at NIWA and for posting on most of the core-top samples used in this study. I would
also like to thank Dr. Carter and the other scientists at NIWA for making me feel welcome during my stay
there. I am particularly grateful to Dr. Phil Weaver (Southampton Oceanography Centre) for allowing me to
sample his subset of the ENZOSS cores, for a wealth of information and advice during the early stages of the
project and for sending on needy reprints.

Many thanks also to Professor Nick McCave (Cambridge) for his expert advice and discussion on many
issues of the project during visits to Cambridge, for providing all the X-ray images of the ENZOSS cores and
insights into their analysis and for providing and allowing me to use the sedimentological database into which
much of the diatom data in this project has been integrated. Many thanks also to Dr. Candy Lean (BNFL)
for providing the dates and identifications of the tephra layers, for her helpful snippets of information
particularly on magnetic susceptibility and for answering many queries during the course of the project. Chris
Fogwell (Cambridge) carried out some of the tephra identifications. Thanks also to Sir Nick Shackleton
(Cambridge) for provision of the stable isotope data and oxygen isotope age-models used in this report.
Ying-Tzung Shieh (Cambridge) carried out the laboratory oxygen isotope analyses for Chat 3K and Chat
11K.

I am extremely grateful to Dr. John Barron (USGS, Menlo Park) for a most welcome stay in San Francisco,
for his expert advice on all things diatom, both during my stay and in subsequent correspondence throughout
the project. I am grateful to him for showing me how to prepare diatom slides, for provision of many
publications, allowing me the use of his microscope during my stay and showing me the sights of San
Francisco, including a visit to the California Academy of Sciences (CAS). Thanks also to Dr. Elizabeth
Fourtanier (CAS) for her and Dr. Barron’s hospitality.

-14-



Very many thanks also to Dr. Lloyd Burckle (Lamont-Doherty Earth Observatory) for his interest in the
project from the beginning and throughout, for passing on many very useful reprints and manuscripts and for
his interesting and much appreciated thoughts, ideas and expert advice on Southern Ocean ventilation at the
LGM.

Thanks are also due to past and present scientists at the Environmental Change Research Centre (ECRC,
U.C.L)) for their help at various stages of this project: to Professor Rick Battarbee for ideas on how to
approach the project, advice on the various methods of slide preparation and diatom concentration
determination and for his patience and understanding during the final stages of completion of this thesis;
Annette Kreiser for advice on diatom sample preparatory techniques particularly on clay removal, advice on
the practical use of DVB microspheres and for help in antarctic diatom identifications; Dr. Viv Jones for
advice on aspects of antarctic diatom identification and ecology and for provision of relevant publications;
Professor John Birks (Botanical Institute, University of Bergen) for suggestions and explanations of
statistical methods early on in the project; Professor John Anderson (GEUS, Copenhagen) for technical help
and guidance in my attempt to determine diatom biovolumes and for many reprints on the subject. Special
thanks go to Dr. Mark Maslin for advice and help on stable isotope analysis, explanations of oxygen isotope
stratigraphy and Quaternary chronology and for taking the time to read and comment on text.

Thanks also to various personnel at the British Museum (Natural History), particularly those in the Botany
(Diatoms) Department: to Miss Pat Sims for her expertise in marine diatom identification methods and
taxonomy, through one-to-one teaching at the microscope, for advice on which floral references to consult
and for allowing me the use her personal and extensive collection of publications; to Dr. Eileen Cox for many
interesting discussions on diatom taxonomy and ecology, for help in finding relevant taxonomic publications,
for provision of manuscript material and for allowing me to practically take up residence in the teaching lab
during my first year; special thanks also to Karen Webb for supervising my visits to the museum, advice on

taxonomic methods, practical classes on the use of Naphrax and for numerous other helpful matters.

Many thanks go to Dr. Leanne Armand (formerly of the Geology Department, AN.U,, Canberra) for
camaraderie, taking the time to share her thoughts and ideas on aspects of Southern Ocean diatom analysis
and for her genuine concern; thanks also to Dr. Patrick De Deckker for his hospitality at the AN.U. in

December 1994 and useful ideas on palaeoceanography in general and courses of action for future work.

A special mention goes to technical staff Jim Davy and Toby Stiles (both of Geological Sciences, U.C.L.) for
their help with practical aspects of the project. To Jim for his expert help in fine-tuning the silica-selective
processing technique, help with driving the SEM and with the use of the light microscope camera. To Toby
for developing hundreds of diatom images over the course of the project, particularly in the final stages and

for practical advice on making photographic plates.

The following people also deserve a mention: Tracey Paramor (Geological Sciences, U.C.L.) for discussions

on aspects of antarctic oceanography, provision of many references, slides and books, for interesting insights

-15-



into her own work and for lots of moral support; Dr. Paul Chambers for practical classes and guid;mce in the
techniques of diatom sample and slide preparations and for showing me the ropes in many aspects of diatom-
world; Rachel Preece and Christianne Street (both of Geological Sciences, U.C.L.) for helpful advice, more
moral support and discussions on many micropalaeontological issues; Dr. Alex Mitlehner for insights into
diatom analysis and identification; Drs. Margaret and John Harper (Victoria University, Wellington) for
hospitality in New Zealand and helpful discussions on aspects of this project; those at the GSNZ Annual
Conference 1994, particularly Dr. Hugh Grenfell (Auckland Institute and Museum) for general advice on
micropalaeontological issues; Jenny and Dr. Steven Eagar (Victoria University, Wellington) for shelter and
sight-seeing in New Zealand; Dr. Carol Pudsey (B.A.S., Cambridge) for granting visits to the British
Antarctic Survey during the course of the project; folk at the 7® Arctic and Antarctic Diatom Workshop for
help in taxonomic issues. Special thanks go to staff at the Geology Department, Leicester University
particularly Drs. David Siveter and Dick Aldridge for the most enthralling and memorable lectures in
micropalaeontology and general geology we (Class of *93) have ever had the pleasure to attend. Thanks also

to those I have failed to mention who have helped in some way during the course of this project.

Scientific advice aside, this work would have been far less enjoyable without the support of the following
five important people: Julia Aucott for philosophical discussions and interest in my work, her genuine
_concern and solid advice on many issues, lots of laughs and generally always being there; Martin Pearce
(CEESR, Kingston University) for inspiration through discussions on many aspects of geology and for
continuous reassurance and encouragement. Martin deserves extra special thanks for helping me to
complete this report on time and to achieve the desired level of thesis presentation via expert tutorials in the
use of computer drawing packages, for help in drawing figs. 2.2, 2.4, 10.1 and most of the diagrams in
section 8 of this report and for the use of his computer and printer throughout the summer and autumn of
1998. Final thanks go to my parents and brother Mark who have advised, supported me both morally and
financially, seen the funny side in practically everything and provided a free taxi service to my home in
Lichfield.

-16-



1. Introduction: The Study of the Oceans and the Importance of the SW
Pacific Gateway.
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2. Regional Setting
2.1 Geographical and Geological Context

This work focuses on an area of the south-west Pacific Basin east of New Zealand (fig.
2.1). The area lies adjacent to an actively subducting plate margin whereby the continental
Australasian Plate rides over the heavier oceanic Pacific Plate. Locally the Kermadec
Trench occupies the subduction zone itself but the Southern Alps of New Zealand are the
main visual feature of plate activity (fig. 2.4). A back-bone running along the length of
both islands, these mountains and active volcanoes are the result of continental uplift
associated with compressive forces acting at the convergent plate margin. Modern
volcanic and seismic activity is exemplified by the eruption of North Island volcano, Mount
Rapuhia, in recent years and through the numerous earth tremors which frequent the

region.

2.2 The Eastern New Zealand Oceanic Sedimentary System (ENZOSS)

2.2.1 Introduction

The term Eastern New Zealand Oceanic Sedimentary System (ENZOSS) has been coined
by a group of oceanographers and sedimentologists who have carried out numerous
important studies of the region, in recent years. ENZOSS describes the area east of New
Zealand as depicted in figs. 2.1, 2.2 and 2.4. The term defines a system involving the
interactions of both oceanographical and sedimentological regimes. Works by Carter &
Mitchell (1987), Carter & McCave (1994), Carter et al. (1996), R M. Carter et al. (1996),
McCave & Carter (1997) and Nowlin ez al. (unpublished), have been fundamental in
determining modern and late Quaternary oceanographic and sedimentological patterns and

processes within the ENZOSS.

2.2.2 Modern Oceanography

The south-west Pacific is oceanographically important region, the significance of which
has only relatively recently become apparent. By way of introduction, there follows a brief
description of modern global, particularly Southern Ocean oceanographical patterns,

followed by the local oceanography of the ENZOSS.
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2.2.2.1 Modern Global Ocean Circulation Patterns

World ocean circulation patterns are driven by differences in density caused by variations
in salt and temperature, a system termed the ‘thermohaline circulation’. Thermohaline
circulation is essentially a ‘conveyor’ belt system whereby heat and salts are transported
around the worlds oceans (fig. 2.2). In the low latitude Atlantic Ocean, a warm shallow
current moves northwards to ca. 60°N in the North Atlantic Basin where it cools and sinks
forming salty North Atlantic Deep Water (NADW). Formation of NADW has enormous
implications on world climate since large amounts of heat are contemporaneously released
(about 5 x 10*' calories per year, Lowe &/Wé.lker 1997). NADW travels along the ocean
floor from the north to the south Atlantic and feeds into the circumpolar ocean around
Antarctica. As water is circulated around Antarctica in a westerly direction some of the
deep water breaks away into the SW Indian and Pacific Basins as deep western boundary
currents which eventually spread into the entire basins. Upwelling in the north Indian and

Pacific Basins returns lighter water back to the Atlantic.

2.2.2.2 The Importance of the Antarctic Circumpolar Current
The main controlling factor of world climate is the circulation of cold, deep, oceanic water

around the globe (Cartcyé? al. 1994). It has long be recognised that water from" the
Antarctic region plays a major part in keeping the worlds deep sea cold (Wa{*rfn*’iuéﬂ).
The Antarctic Circumpolar Current (ACC), or West Wind Drift, is one of the most
important features of modern oceanography and forms a fundamental link in the conveyor
belt system connecting together the three major oceans: Atlantic, Indian and Pacific (fig.
2.3). The ACC effectively acts as a carrier of NADW, bottom waters formed in Antarctica

plus other watermass components to each of these oceanic basins.

Oceanic circulation around Antarctica first evolved 30-25 Ma ago in the Oligocene when
plate movements initiated thg opening of the Drake Passage, south of Australia and South
America (Kennett & von der Borch 1986), and modern circulation patterns were
established in the Southern Ocean by the Miocene (Kennett 1977). The sediments within
the ENZOSS record these geological events and are the‘f)est for studying water masses of
the Southern Ocean and their development (Carter tal. 1994).
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The modern ACC describes the movement of oceanic water around the Antarctic
Continent through a distance of 24 000km (Whitworth 1988). It is driven by strong
westerly winds and current motion reaches the ocean floor. The ACC is defined to the
north and south by the Subantarctic Front and the Polar Front (Antarctic Convergence)
respectively, (fig. 2.5a) and is the northernmost section of a broader area called the
Southern Ocean. As an uninterrupted belt of water, the Southern Ocean is unique in world
oceanography. It occupies an area of approximately 36 x 10° km?, between 55°S and 75°S
latitude (Priddle i#» Medlin & Priddle 1990), where the Antarctic Continent and ice-shelves
are its southern boundary and its the northern edge is that for the ACC (see above). It is
the ACC which spirals off as western boundary currents into the 3 major basins: Atlantic,
Pacific and Indian. Besides the ACC, other features of the Southern Ocean are the
Antarctic Coastal Current (East Wind Drift) and two major gyre systems, one each in the
Ross and Weddell seas, (fig. 2.3). The Weddell Sea is of particular importance since much
of the worlds ocean bottom water is formed here (Godeh 1971). Bottom water is also
formed at the antarctic ice-shelves when surface water becomes dense and sinks, due to a

combination of lowered temperatures and increased salinity, during ice formation.

Sea-ice is an important component of surface waters in the Southern Ocean. Ten percent
of the surface of the Southern Ocean is permanently covered with sea-ice. Its occurrence
is seasonal and in the southern hemisph/ere winter, over half of the area southward of the
Subantarctic Front is covered (Sq}yé/in Medlin & Priddle 1990). In winter months a
feed-back mechanism operates whereby increased sea-ice causes enhanced albedo and
therefore lower temperatures. The effect is even more intense during prolonged periods of
ice growth in glacials. In spring, a distinct zone of fresher water is created in the ocean
adjacent to melting sea-ice which is cooler than waters distant from the melt due to heat
removal by the melting ice. The seasonal and climatic changes of sea-ice also have

important implications for production in the Southern Ocean.

2.2.2.3 Modern Oceanography within the ENZOSS: The importance of the DWBC

Since major water masses flow from one basin to another via oceanic ‘gateways’, world
ocean circulation is best studied in such regions (C@er/ et al. 1994). Forty percent of the
world’s cold, deep water enters the Pacific Ocean through the ‘Southwest Pacific
Gateway’ as the Deep Western Boundary Current (DWBC). The DWBC is a part of the
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global oceanic conveyor belt system which breaks away from the ACC south of New
Zealand in the South Pacific. This abyssal current is today the single largest contributor to
deep water (Carter ef al. 1994). To understand its characteristics and evolution through
time, therefore, is of fundamental importance to world palaeoceanography and

palaeoclimatology.

Detection of a DWBC
Until the publication of the classic ‘Abyssal Circulation Model’ by Stommel in 1958,

oceanic circulation was poorly understood. A few tentative suggestions of the existence of
deep western boundary currents had been made (Warren 1971). Stommel’s work was
pioneering in that, for the first time, a sound theory existed for the presence of oceanic
deep western boundary currents. He saw the thermocline layer as a ‘pumping mechanism’
that draws water up slowly from depth. The upward movement of water counteracts a
downward diffusion of heat and water from the warm surface layers. He correctly
envisaged this downward component, or deep water sources, to occur in limited regions of
the globe; the North Atlantic and the Weddell Sea (see above). In Stommel’s model,
intense western boundary currents are necessary east of the major continental margins in
order to connect with the proposed deep water sources. He estimated the DWBC in the
SW Pacific to be the strongest with a volume transport of 30 x 10°m® sec” (30 Sverdrups,
Sv). Later, Warren (1973, 1981) estimated it as nearer 20 x 10°m’ sec”’. By comparison,
a second source for Pacific deep water current flow into the Peru-Chile Basin, has a

volume transport of less than 3 x 10° m® sec™" (Carter e al.1994).

Very little was known about SW Pacific oceanography until the 1980’s (Carter & McCave
1994). The predicted DWBC wasn’t actually detected until 1967. In that year, two
transpacific hydrographic traverses, at 28°S and 43°S, were made during an Eltanin cruise
under the U.S. Antarctic Research Program, Scorpio (Reid et al. 1968, Warren 1971,
1973). Later, in 1969, velocity measurements were carried out on the DWBC, east and

north of New Zealand along latitude 22°S (Warren & Voorhis 1970).

Modern DWBC Flow
The DWBC represents the lower sections of the ACC which enter the SW Pacific Basin.
At present the DWBC is 1000km wide (Carter & McCave 1994) and begins its 2500km
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journey at 57°S in the subantarctic (fig. 2.4). From there it travels at depths of' >2000m
(RM. Carter et al. 1996) from south to north around the eastern edge of the New Zealand
microcontinental plateau. In doing so, it passes over terrain from a passive to an actively
subducting plate margin. At its start, it skirts around the eastern edge of the Campbell
Plateau, which effectively acts as a western boundary to flow. The submarine topography
around the eastern side of the Chatham Rise then guides the DWBC in a north-easterly
direction. At the mouth of the Bounty Trough (ca. 50°S) the DWBC decouples from the
ACC which continues westwards at a volume transport of 115 x 10° m® s (R M. Carter et

al. 1996).

Down-current, the DWBC swings around the eastern apex of the Chatham Rise and so
changes direction to north-west (fig. 2.4). After this point it encounters a highly variable
submarine topography, associated with the subducting margin (McCave & Carter 1997).
Consequently, the flow is diverted bgth horizontally and vertically (Carter & McCave
1994) into several flows (R M. C\@e/r et al. 1996). There is no continuous slope to the
east and in other circumstances, the flow would slow down and deposit its sedimentary
load. The situation is complicated, however, by terrestrial input via deep sea channels and
canyons (Carter & MéCave 1994). The region is also occasionally subject to a covering of
volcanic ash fron;{che Southern Alps. Flow deeper than 3600m continues across the
Hikurangi Fan, to the Rapuhia Scarp and on to the Kermadec Trench. Shallower flow
(2200-3600m) traverses the Central Basin and Hikurangi Plateau before reaching the
Kermadec Trench. Surface water (0-2000m) flows in the opposite direction towards the
east and south-east (Reid 56). Eventually at the Kermadec Trench, the different flows
amalgamate once more (R M. Cartef ef al. 1996) and the deep current resumes a north-

easterly course and disperses into the Pacific Basin.

Water Masses and Oceanographic Fronts Within the ENZOSS

The hydrography of the ENZOSS has been determined mainly by seven hydrographic
surveys which were carried out between 1967 and 1993 (McCave & Carter 1997). Some
of the early findings upon which more recent works have been based are those of Gg)ﬁon
(1975) along a 170°E traverse and Wa\rpeZ(l 973) along latitudes 43°S and 28°S.
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Surface hydrography for the region and as far south as 60°S, is described in aetail by
Heath (1985). Four surface water masses separated by three distinct oceanic fronts exist
(fig. 2.5a). From south to north: Antarctic Water (AAW) is separated from Circumpolar
Subantarctic Water (CSW) by the Antarctic Convergence (AAC) or Polar Front. The
Subantarctic Front (SAF) separates CSW in the south from Australasian Subantarctic
Water (ASW) in the north. The northernmost surface water mass, (Cool) Subtropical
Water (CSTW) is separated from the ASW by the Subtropical Convergence (STC). The
CSTW is warmer and slightly saltier than ASW (Nelsél et al. 1993). Typical summer sea-
surface temperatures are 5°C for the AAC and 8°C and 15°C for the SAF and STC
respectively (Heath 1985). The STC is a high productivity zone and is defined by large
horizontal temperatures and salinity gradients. It is bathymetrically locked onto the
Chatham Rise and although this appears to have been the case since 160ka at least (F\e)m/er
et al. 1992, Neldsdﬁ et al. 1993), it may have shifted slightly northwards at the last
glaciation (Wez\iye’r et al. 1998). In late summer the modern STC can shift up to 2°

northwards from its spring position (Chiswell 1994).

Water masses beneath the surface are identified by their temperature, salinity, density, and
dissolved oxygen and silica content (Table 2.1). Different deep water components of the
DWBC are depicted in cross-section in fig. 2.5b. Antarctic Intermediate Water (AAIW) is
created by downwelling water at the AAC and occupies the water column between 600m
and 1450m depth (R M. Carter ef al. 1996, McCave & Carter 1997). In the Pacific it can
be traced to 15°S. The DWBC itself has an upper boundary at 2000m depth (zone of ‘no

motion’ Warren 1973) and carries 2 water mass components:

1. Upper Circumpolar Deep Water (UCDW) which occupies depths between 1400-
2900m, and is distinguished by low dissolved silica and an oxygen minimum containing a
component of silica-rich North Pacific Deep Water (NPDW).

2. Lower Circumpolar Deep Water (LCDW) occupies depths >2900m. It comprises 2
layers: a) the upper (2900-3800m) has a salinity maximum, the North Atlantic Deep Water
(NADW) core signature, brought from the south Atlantic via the Antarctic Circumpolar
Current (ACC) to the south Pacific; b) the lower layer at depths >3800m is colder, less
saline and more dense. Its high density is attributed to a mixture of Weddell Sea and Ross
Sea Deep Water with NADW by the ACC (GOQ(}D/"IWS). Weddell and Ross Sea Deep
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McCave 1994). Another period of erosion took place in the late Miocene, following
increased bottom water production in Antarctica associated with the formation of the
Western Antarctic Ice-Sheet. Sedimentation was re-established in the Plio-Pleistocene. At
this time, the rapidly up-lifiing New Zealand land-mass gave rise to large quantities of
terrigenous input to the system. Eroded continental material was injected into the path of
the DWBC via deep sea channels and canyons. In the modern day, the drifts continue to

evolve.

2.2.3.2 Bathymetry and Sedimentary Types
Airgun and 3.5kHz profiles have recorded a number of different drift types within the
ENZOSS (Carter & McCave 1994, McCave & Carter 1997). The diversity is caused by

variations in bathymetry, sediment supply and tecto@& over the DWBC'’s
north-bound route. The following gives an overview of sedimentary types in the ENZOSS
along the flow path of the DWBC: beginning in the south where the DWBC enters the
region through to where it disperses into the Pacific Basin beyond the Kermadec Trench in

the north.

In the south of the region the passive margin of the Campbell Plateau extends 1500km in
length and 2500m in elevation. The Campbell Drift occupies the abyssal floor at its base,
(fig. 2.4). It is a long, sinuous contourite deposit resulting from the western constraint of
the DWBC by the plateau. This material has been transported, by the current, from a more

southerly source.

Down-current, the Bounty Fan spreads over the abyssal plain across the route of the
DWBC. Terrestrial material is brought down from the New Zealand continent, as turbidity
currents, via the Bounty Trough and Channel. Material falls directly into the path of the
DWBC and is consequently reworked and spread 1000km to the north and north-east.
The Bounty Trough in modern times is a site for mainly calcareous pelagic deposition

(Carter & Mitchell 1987).

Over the distance of 1200km from the Chatham Rise to Kermadec Trench, the DWBC has
created and shaped other deep sea drifts and fan-drifts, at water depths from 2200m to
5700m. A submerged continental block, the Chatham Rise (fig. 2.4), is draped in
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calcareous pelagic ooze down to a depth of 4100m (McCave & Carter 1997). 'fhe slope
of the eastern flank is broken by terraces at depths of 3000m to 3500m. The crest of the
rise plunges eastwards and is cut by several north-south trending channels (McCave &
Carter 1997). The DWBC has reworked and deposited three types of sediment on the
Chatham Rise; a sinuous linear body of sediment on the southern flank at 3000m, the
Chatham Terrace Drift; an apron-like drift on the northern flank at 2200-4 500m, the
North Chatham Drift; and a ridge-like drift around its base at 4500-5200m, the Chatham
Deep Drift. The northern flank of the rise slopes gradually to 4000m depth but the eastern
flank falls away sharply in an easterly direction, to the floor of the Valerie Passage at
4700-4900m depth.

The Valerie Passage is 260km wide separating the Chatham Rise from the Louisville
Seamount Chain and is a major corridor for the DWBC. Sedimentation within the passage
is of pelagic red clays and locally derived volcanics (McCave & Carter 1997). The north-
west trending Louisville Seamount Chain is over 2000km in length. The seamounts and
guyots of which it consists have a maximum elevation of 4000m and may present a
discontinuous western constraint to the DWBC. At the western base of the Louisville
Seamount Chain, a linear body of over 400km long has been deposited within a moat, the

Louisville Moat Drift (fig. 2.4).

North-west of the Valerie Passage, the submarine topography is less severe. A wide re-
entrent at 4200-4600m depth called the Rekohu Embayment is constrained on its northern
side by the Hikurangi Plateau. North of 39°S, the DWBC has deposited the 250km long
Rekohu Drift at 3600-4190m water depth. South of 39°S, drifts comprise mainly
reworked pelagic and hemi-pelagic material, incorporated with sediments derived from
distant southerly sources. Conversely, north of this latitude, sediments receive a large
quantity of terrigenous material, transported from the New Zealand continent via the

Hikurangi Channel (Carter é{a McCave 1994).

The western edge of the Hikurangi Plateau borders the continental slope of New Zealand’s
North Island. Thé Rapuhia Scarp defines the eastern side of the Hikurangi Plateau. The
scarp is a major boundary for the lower part of t}}e DWBC (>4000m). Its maximum relief
is 1200m and it is 300m in length (McCa\ve)'v&' "(»‘?arter 1997). The Hikurangi Plateau has

-35.



" ! %A3. ,... [/ " 1
! ! $,.." # G # 1 *
#
G' # = # (<1 D1 $KKA)* 7 %Ka $3V / G
" # G ' # * & #
G ' # 1 # ! " !
G ' # 2 * o= " !
" " ! " # * 2 / #
L # ! " (3$.. 3AA. ) !
" = | 4
G # . (1 D < 1 $KK,)*
! 1 + -3
# # ! G ' # (1 D <1 $KK,)*
= " " ' I " /
! (< 1 D 1 $KKA)* =
R S #
%A3. ) G | " G # 1
1 " % 3 . " >
N o
F & |/ 1
M = ( #* _-*)* = 9 " M > #
" | _ "
+ e + $ " *
= g # (< 1 D 1 $KKA)* =
" " ! # !
<1 $KK,)*

% |



3. Diatoms: Biology, Modern Ecology and Palaeoceanographical Uses
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