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Abstract

Abyssal ocean currents develop unique physical and chemical properties, based on their
geographic location of formation, circulation pathways, and the biogeochemical cycling of
elements and their isotopes between different water masses. These distinct physiochemical
properties enable water fingerprinting, the ability to identify and trace water masses as they
circulate the globe, in their relentless attempt to redistribute the Earths heat, salt and
biogeochemical agents. Over geological time, the chemical fingerprint of water masses has evolved
in response to changing climatic regimes and tectonic events. Hydrogenous FMNs incorporate a
record of these chemical fingerprints from the abyssal water masses in which they grow, as they
accrete each successive growth layer from the elements and compounds available within ambient
deep waters. Due to the exceptionally slow growth rate of these abyssal archives, FMNs provide
insights on the chemical history of the deep ocean over millions of years. Such changes in FMN
geochemistry have been previously linked to the development and demise of polar ice sheets and

the opening and closing of ocean gateways.

Here an attempt is made to recover the paleoenvironments recorded in the accretion of a large
hydrogenous FMN recovered from the New Zealand Oceanic Gateway, where the conjoined flow
of the Antarctic Circumpolar Current and Pacific Deep Western Boundary Current enter the
Southwest Pacific from the Southern Ocean. This region of the deep ocean is of great interest, as it
is the least explored ocean basin in terms of its elemental and radiogenic isotope composition and
paleoceanographic evolution. The chemical and physical characteristics of these currents respond
to environmental changes in their source area, Antarctica, as well as to global climatic and
oceanographic events due to the effective mixing of all of the world’s major currents within the
ACC. From a revision and assessment of beryllium cosmochronometry, analysis of macro- and
micro- growth structures, authigenic and detrital nodule components and growth rates, analysis
of major, minor and trace element chemistry via ICP-MS and Pb isotopic analysis via MC-ICP-
MS, in addition to the application of multiple paleosource, paleocirculation proxies and novel
application of paleoproductivity and redox, five major accretion periods and corresponding
paleoenvironments can be ascertained for the late Neogene evolution of the PDWBC:

Phase 1: The late mid-Miocene PDWBC - The first period of nodule growth is a faster
accretionary period, distinguished by its calcareous shell fragment at the core, surrounded by dark
red-brown Fe-Mn precipitates, and white-grey aluminosilicates and characterised by mottled
microstructures due to high detrital incorporation. The physical and chemical archives of

U1365B-M indicate that the PDWBC, during this phase of globally depressed atmospheric and
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oceanic temperatures, was characterised by the corrosive, vigorous, well-ventilated currents
characterised by a shallow CCD. Paleocirculation proxies suggest the PDWBC transmits a strong
NADW signal throughout this interval or, in the case of trends exhibited by Pb isotopic
compositions, an increase in ice-sheet activity. Phase 2: The late Miocene PDWBC - The
paleoceanographic conditions of the PDWBC established during the late mid-Miocene are
strengthened over this second phase of accretion, distinguished by the lighter zone textures, in
association with highest detrital incorporation percentages. The excursion toward radiogenic Pb
values has been associated with further restriction of the Indonesian seaway to bottom and deep
water circulation between the Pacific and Indian Oceans in addition to a phase of shoaling of the
Panama Isthmus, leading to the increased divergence of warm tropic waters into the North
Atlantic and strengthening of the ‘NADW’ fingerprint being exported to the Southern Ocean and
incorporated into the PDWBC through effective mixing within the greatly sped-up ACC at this
time. Additionally, the shift in Pb isotopic compositions in Pb-Pb space, indicate the PDWBC
receives an increased aeolian flux in association with the colder, drier climate and shallow glacial
ocean. Phase 3: The terminal late Miocene PDWBC - This phase of FMN growth is a slowing
accretionary period, displaying reductions in detrital components and as such, microstructures
grade from mottled to cuspate, as Mn and mangophile elements increase in concentration and the
chemical evolution of PDWBC occurs in three main stages: 1) From [10 to 8.4 Ma] the PDWBC is
in a transitional state, bottom water temperatures are reported to be higher and ocean oxygen
(redox proxies) is significantly reduced as surface water productivity increases (productivity
proxies). The large excursion to more radiogenic Pb is systematically and gradually reduced to
those characteristic of the PDWBC before the excursion occurred, potentially in response to: (a)
closure of the Indonesian gateway and the resulting re-organisation and strengthening of Pacific
circulation, strongly indicated by paleocirculation proxies which record an increasing ‘equatorial
Pacific’ like signal from 10 Ma onward; (b) reduced spin up of the ACC during this period of
relatively warmer conditions and thus a reduced NADW signal, indicated by the lack of regional
hiatuses and declining detrital incorporation; (c) reduction of Antarctic ice-sheet activity after
reaching a critical threshold at 10 Ma; (2) From [8 to 7 Ma] the CCD deepens, indicated by an
increase in the Mn/Fe value as Fe delivery to the deep ocean is reduced due to decreased carbonate
dissolution, and; (3) [7 - 6 Ma] when both detrital proportions and authigenic element
concentrations increase potentially in response to a fresh influx of young AABW into the PDWBC
as sheets are proposed to have increased once more, maintaining stable Ocean oxygen levels.
Phase 4: The Miocene-Pliocene PDWBC - This fourth phase of growth is a slower accretionary
period, marking the transition from previously higher accretion rates to those that are greatly
reduced and the previously mottled and cuspate microstructures of the previous zones become

continuously laminated and structured from this point forward. This phase of growth signifies a
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change in PDWBC chemistry, associated with the onset of modern thermohaline circulation,
recorded in U1365B-M by transition from Atlantic to Pacific like Zr-Hf values, declining ocean
oxygen as bottom waters become progressively frigid, and a biological boom in surface water
productivity in response to: expansion of the west Antarctic ice sheet cooler, drier climates and
enhanced AABW production. Phase 5: The Pliocene-Pleistocene PDWBC - The final phase of
growth is the slowest accretionary period over which with microstructures become progressively
more laminated on a finer micro-millimetre scale, indicative of strong PDWBC currents
facilitating the accretion of a more compact and pure ferromanganese zone, displaying high
concentrations of Mn (and associated elements, including group 3- Cu & Zn) and reductions in
Fe (and associated elements). During the warm Pliocene [4.7 Ma to 3 Ma], a slight return of
cuspate microstructures, reduction of detrital grains, and increase in the redox proxies over this
interval, indicate a slower, warmer an increasingly ventilated Pliocene PDWBC. Significant
reversals in long-term chemical trends occur at c. 4 Ma, most noticeable in the group 3 and
HREE/LREE profiles, potentially recording the chemical response of the PDWBC to final closure
of the Central American Seaway, and(or) the coeval shift and weakening of Indonesian
Throughflow from a more southerly position to its more northern position of present,
accompanied by a weakening of this flow. The transition from a warm Pliocene to a cold
Pleistocene PDWBC is marked by cyclical spurts of increased Fe-Mn scavenging of tracer
elements to greater levels of enrichment, which generally rise to their highest concentrations at 3
Ma (especially groups 4-6) and 1 Ma (especially groups 1-3), the latter of which is associated with
the final shift in Mn/Fe values to double that of the terminal Miocene, indicating a further
deepening of the CCD and thus decrease in PDWBC corrosivity. Productivity proxies are not in
agreement over this period except for the decline in values to c. 1.5 Ma. Paleoredox proxies display
a continued decrease in ocean oxygen as the oceans continued to cool and Paleocirculation
proxies show a decrease from 3 Ma onwards to less radiogenic Pb values consistent with a reduced
export of NADW during the Pleistocene as the AMOC is reduced to its shallow glacial mode of
circulation

In addition to reconstructing the paleoceanography in the Southwest Pacific, this thesis aims
to improve our current knowledge about general sources and input mechanisms of elements to
this region of the ocean and to broaden the range of possible applications of using the
physiochemical archives of ferromanganese nodules in ocean and climate research in addition to

providing a new technique.
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Introduction

1.1 Motivation

The Southern Ocean is home to the largest and longest ocean current system on Earth, the
Antarctic Circumpolar Current (ACC), which connects and mixes water masses of the
Atlantic, Indian and Pacific Oceans. Consequently, the ACC plays an essential role in the
redistribution of heat, salt, gases and the biogeochemical cycling of elements throughout
the global ocean (Carter, ef al, 2009; Bostock, et al, 2012). Additionally, since the
increased glaciation of Antarctica c. 14 -12 Ma, deep water masses formed in the Southern
Ocean have served to ventilate the intermediate and abyssal depths of much of the world’s
oceans, through an intricate network of northward flowing deep western boundary
currents (Rintoul, ef al, 2001). Presently, 40% of these deep oxygenated waters are
transported into the greater Pacific Ocean (cf. McCave, et al., 2008), via the Pacific Deep
Western Boundary Current (PDWBC). On transit from the Southern Ocean into the
Southwest Pacific, the PDWBC is effectively steered along the submerged extensions of the
New Zealand continent, which also serves to constrain the eastward flowing ACC along
the Subantarctic Front (SAF). Thus, both of these globally significant currents are
transported from the Southern Ocean into the Southwest Pacific in concert, through the

New Zealand oceanic gateway (Manighetti, 2001; McCave, ef al., 2004; Carter, 2008).

Constriction of the ACC-PDWBC system enhances high energy eddy systems
associated with the SAF, resulting in the propagation of energy down through the ACC to
the underlying PDWBC, promoting fast abyssal currents and water mass mixing (Carter &
McCave, 1997; Carter, et al., 2009). As such, the PDWBC is comprised of deep waters
formed along the Antarctic coastline in addition to circumpolar deep waters mixed within
the ACC, and thus has the potential to carry chemical signals from Antarctica, and the
Atlantic, Indian and Pacific Oceans. In terms of paleoceanography, the physiochemical
properties of the PDWBC are likely to have changed in response to the Late Neogene
evolution of Earth’s climate, cryosphere and oceans (e.g., Hall, et al., 2003; L. Carter, et al.,

2004; R. Carter, et al., 2004; Naish, et al., 2009), as summarised in Table 1.1.

The fast flowing, well-oxygenated currents of the ACC-PDWBC system provide ideal
conditions for the formation of deep sea ferromanganese nodules (FMNs), and have

resulted in the formation of the Campbell Nodule Field since c. 13 Ma (Graham & Wright,
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Abyssal Archives o o

Age Climatic Oceanographic Biogeochemical Evolution of the Deep
(Ma) Event Event Ocean
0-2 Pleistocene to  Glacial closure of Arctic Present system of waxing and waning ice-sheets,
Present G-1 Seaways, namely Bering eustatic sea-level changes and alternating
cycles Strait and CAA via ice dominance of Atlantic Meridional Overturning
land bridges Circulation (MOC) and Southern Ocean MOC
3-2 Late Pliocene Formation of Canadian Northern Hemisphere Glaciation
Climate Arctic Archipelago (CAA) . . . )
. . Intensification of Antarctic cooling, expansion
Transition Gateways i '
of sea ice, enhanced deep water production
(LPCT)

Major expansion of Ross (McKay, et al., 2012)
Ice Shelf (3.3 to 2.5 Ma)

4-3 Mid - Pliocene Emergence of Panama Northward deflection of warm equatorial
Climate Isthmus (5 - 3 Ma) currents to N. Atlantic
(;\}[)lt)lmum Shift of Indonesian Decreased atmospheric heat transport toward
(MPCO) Throughflow north (5-3 ¢ 3 Ma (Cane & Molnar, 2001)
Ma)
5-4 Early Pliocene  Opening of Bering Strait Freshwater supply from N. Pacific to N. Atlantic
relative (5-3Ma) via the Arctic
warmth Shift of Indonesian Reduced strength of Indonesian Throughflow,
Throughflow north (5-3  and termination of permanent El Nifio state in
Ma) Pacific Ocean (Molnar & Cane, 2002)
6-5 Late Miocene Opening of Gibraltar Formation of Mediterranean Overflow Water
climate Strait (MOW), increased North Atlantic Deep Water
variability (5.3 Ma) (NADW) production, density gradients

favouring AMOC. Increased ice volume of West
Antarctic Ice Sheet and enhanced deep water

production
7-6 Late Miocene Shallow glacial ocean Marine regression, development of Antarctic ice-
cooling (c. 6.2 Ma) sheet and bottom water production, deeper

calcium compensation depth (CCD), global

Isolati f Medit
solation of Mediterranean decrease in FMN growth rates (Segl, et al., 1989)

Sea (7-5 Ma)

6-13 Mid - Late Restriction of Indonesian ~ Blocking equatorial transport of deep water from
Miocene Gateway (14-10 Ma) the Pacific to Indian Ocean
cooling Opening & deepening of Formation of proto- NADW

Arctic Seaways (c. 10 Ma)

13-14  Mid-Miocene  Expansion of East Reduction of Tethys Warm Saline Deep Water
Climate Antarctic ice sheet (WSDW) to Southern Ocean (15 - 13 Ma)
Transition . ) )

(MMCT) Deepening of Drake Development of ACC, thermal isolation of
Passage and Tasman Antarctica and initiation of Antarctic Bottom

Gateway (c. 35 - 15 Ma) Water (AABW) production

Table 1.1 | Key climatic and oceanographic events in the late Neogene evolution of the global ocean

summarised from references cited in addition to Kennett & von der Borch, (1986) and Cronin, (2010).
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Introduction

2008). These nodular deposits form at the sediment-water interface from the precipitation
of iron-manganese (Fe-Mn) oxyhydroxide minerals directly from seawater. These minerals
effectively scavenge tracer elements from the water column as they descend to the seafloor,
where they accrete around nuclei of volcanic, biogenic or older nodule fragments (Halbach
& Fellerer, 1980; Segl, et al., 1984; Glasby, 2000). FMNs continue to grow by addition of
concentric layers about the nucleus, at rates of millimetres per millions of years or about a
layer of atoms per year (Goldberg, 1974), episodically trapping fine-grained land-derived
aluminosilicates during layer formation (Glasby, 2000; Banakar, 2010). The resulting
internal structure is analogous to the growth rings of trees and similarly, each nodule

growth ring can be dated and analysed to retrieve its chemical composition.

In general, the seawater-derived component (Fe-Mn minerals, also referred to as
hydrogenous or authigenic), records the chemical evolution of the paleo-ocean from which
they originated (e.g., Frank, 2002; van de Flierdt, ef al, 2003, 2004; Xu, et al, 2006),
whereas the land-derived component (entrapped detrital minerals) reflect erosional trends
of the surrounding landmass (e.g., Banakar, ef al., 2003) and (or) phases of strong current
activity (e.g., Mangini, ef al., 1990). As such, FMNs are abyssal archives that store a record
of the environmental conditions governing deposition within each concentric layer (Hein,
et al, 1992; Hein & Koschinsky, 2013), with environmental conditions referring to the
physical, chemical, biological, climatic and geographic controls that inevitably determine
or modify the physiochemical properties of each layer (Levin, 2013). Thus, the physical
and chemical archives of FMNs are the key to unravelling past changes in the deep-sea
environment. Due to their propensity to form within regions of non-deposition and

erosion, FMNs present a powerful tool for reconstructing the history of abyssal currents.

Unravelling the abyssal archives of FMNs in order to reconstruct the Late Neogene evolution

of the PDWBC, is the prime motivation for this thesis

A suite of FMNs were collected from the Campbell Nodule Field (Chang, et al., 2003;
Graham, ef al., 2003a; Graham, ef al., 2003b), the largest of which provided an opportunity
to reconstruct the Late Neogene evolution of the PDWBC through the New Zealand
oceanic gateway, exploiting the unique circumstances of the combined ACC-PDWBC flow

enforced by the gateway.
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Abyssal Archives

1.2  Aim & Objectives

In this study, the physical and chemical archives of mega nodule U1365B-M are
investigated across the crust to core depth-profile illustrated in Figure 1.1. This depth-
profile is a ‘condensed stratigraphic section’ representing c. 13 million years of deep ocean
history. Comparisons are made between the results obtained for U1365B-M and those
previously derived for nine FMNs selected from the Campbell Nodule Field, and a variety
of other sedimentary archives. Results are discussed in terms of their implications for
nodule genesis and the paleoceanographic evolution of the PDWBC, from the New

Zealand sector of the Southern Ocean. Thus, the main aim of this thesis was to determine:

How the oceanographic properties of the deep ocean have changed in response to the Late

Neogene evolution of the oceans, climate and cryosphere, as recorded within a large

hydrogenous FMN at the New Zealand oceanic gateway.

) Chronologies & Growth Rates

9 Nodule Architiecture

e Major Element Chemistry

70 Minor Element Chemistry

> 9 Trace Element Chemistry

.@ Lead Isotope Chemistry

0 50 mm

Figure 1.1 | The physiochemical archives of U1365B-M. FMNs are complex, heterogeneous objects
which are studied here in a systematic manner from the macroscopic (physical) to sub-microscopic
(chemical) (Sorem & Fewkes, 1977): (1) knowledge of absolute ages and growth rates (derived from
beryllium isotope dating) provide the timeframe upon which the history of a deep-water mass can be
developed; (2) physical components, summarised here as ‘Nodule Architecture’ refer to (a) macroscopic
features - visible with the naked eye and include; (i) external morphology, (ii) physical distribution of
authigenic (dark) and detrital material (light), (iii) nodule nucleus, (iv) textural features of concentric
layers and; (b) microscopic features that include; (v) Fe-Mn minerals and (vi) internal growth structures
(architectural images can be used as “maps” to link physical and chemical archives); the sub-microscopic
or chemical archives (3)-(6) are derived from samples collected across the highlighted 95 mm radius,

image from unpublished document regarding U1365B-M re-sampling, Ditchburn & Graham (2006a).
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Supporting the main aim of the thesis is a series of objectives:

1| Isolate the seawater component of U1365B-M, through development of a wet
chemistry technique that separates the seawater component (containing Fe-Mn
oxyhydroxides and their associated trace elements) from the detrital component (residual
material containing land derived sediments). Through a selection of analytical procedures
and data processing, retrieve and quantify the elemental and lead (Pb) isotopic seawater

record and calculate the amount of detrital material trapped within each sample.

2| Revise & utilise the chronological framework by revising the results of beryllium
dating performed on each of the ten selected FMNs (Graham, ef al., 2003b; Ditchburn &
Graham, 2006b), to the new half-life of 1.39 Ma (Korschinek, et al., 2010; Chmeleft, ef al.,
2010), followed by the determination of new growth rates (Figure 1.1 (1)), and an

assessment of cobalt chronometers as reliable tools for dating FMNs >10 - 15 Myrs old.

3| Unravel the physical archives by identifying macroscopic & microscopic changes in
texture and assessing the variable proportions of detrital material. Describe where changes
occur along the depth-profile (mm) of U1365B-M and associated chronological framework
(Figure 1.1 (2)). Determine if there are common time-intervals characterised by a change

in accretion for the nine other FMNs selected from the Campbell Nodule Field.

4| Unravel the chemical archives through descriptions on the paleogeochemistry of
U1365B-M using timeseries, inter-elemental and inter-archival correlations. Present data
based on detailed evaluations of: (a) major element chemistry (>10,000 ppm), (b) minor
element chemistry (>1000 ppm), (c) trace element chemistry (< 1000 ppm) and (d) lead

isotope stratigraphy (Figure 1.1 (3-6)).

5 | Reconstruct the Late Neogene evolution of the PCDW from the New Zealand sector
of the Southern Ocean using the physiochemical archives of U1365B-M and associated
FMNs from the Campbell Nodule Field and discuss how the abyssal environment has
evolved in response to local and global changes in climate, cryosphere, ocean structure and

circulation, through inter-correlations with other paleoclimate archives.
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1.3 Thesis Outline

This thesis is written in the standard format of: (1) Introduction, (2)-(3) Literature review,

(4) Methods, (5) Results, (6) Discussion and (7) Conclusions. An outline of the thesis is

presented in Table 1.2.

Chapter

1 Introduction:

Thesis Aim, Objectives & Structure

2 Study Area:
Oceanographic Setting and the
Campbell Nodule Field

3 Ferromanganese Nodules:
Abyssal Archives of Past Ocean
Chemistry

4 Methods:

Retrieving the Seawater Record

5 Results:
Physiochemical Archives of U13658-M

6 Discussion:
Unravelling 13 Myrs of Deep Ocean
Chemistry

7 Conclusions:

Key Findings and Future Challenges

Description

States the motivation aim and objectives of the thesis and
outlines the thesis structure through a brief account of

chapter content.

Describes the physical & chemical oceanography of the study
area, focusing on the major currents of the New Zealand
sector of the Southern Ocean: the ACC and PDWBC,
together with a description of the Campbell Nodule Field.

Details the theoretical context behind the genesis of FMNs,
their use as abyssal archives of ancient seawater chemistry
and application in reconstructing past changes in the deep-

sea environment.

Details FMN samples collected from the Campbell Nodule
Field (Chang, ef al., 2003) and methods used in revising their
chronologies (Graham, ef al., 2003b), high resolution
sampling and dating of U1365B-M (Ditchburn & Graham,
2006a,b) in addition to methods employed in extracting the
information outlined in Figure 1.1, including an account of

the new separation technique developed.

Describes the updated chronology and growth rates, micro &
macro nodule architecture and the geochemical behaviour of
elements and Pb isotopes in U1365B-M as depth-timeseries
and inter-element correlations, following the outline of

Figure 1.1.

Discusses the links between physical and geochemical signals
recorded within U1365B-M with, global and local, oceanic
and climatic events that have occurred over the last 13 Myrs

in order to address the aim of the thesis

A synthesis of the key findings of the thesis and suggestions

for future research

Table 1.2 | Thesis Outline. Details the structure of the thesis with a brief account of chapter content

Chapter 1 Thesis Outline 6



Describes the physiochemical

oceanography of the study

area with a description of the

Campbell Nodule Field
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Study Area

Oceanographic Setting & the Campbell
Nodule Field

2.1 The Southern Ocean

2.2  The New Zealand
Oceanic Gateway

2.3 The Campbell Nodule
Field




2.1 The Southern Ocean

The Southern Ocean, defined here as extending from the Antarctic coastline (~70°S) to the
Subtropical Front (~40°S) (Figure 2.1(a)), was established during the early Oligocene,
through opening of the Tasman Gateway and Drake Passage (Lawver & Gahagan, 2003; see
Figure 2.3(a)), coinciding with the largest climatic cooling event of the Cenozoic (Eocene-
Oligocene Climate Transition c¢. 34 Ma) and the first undisputable evidence for the
presence of ice-sheets on Antarctica (Zachos, et al., 2001; Miller, et al., 2009; see Appendix
A). However, permanent ice-sheets did not develop until the Middle Miocene Climate
Transition (MMCT) c. 14-13 Ma, by which time, the northward drift of Australia and
South America had further expanded the Southern Ocean, whilst restricting and closing

oceanic gateways of the low latitudes (Exon, ef al., 2004; Cronin, 2010).

Closure of tropical seaways and opening of Antarctic gateways has been associated with
the termination of Warm Saline Deep Water (WSDW) production in the tropics and
increased Antarctic Bottom Water (AABW) production and export in the Southern Ocean.
Reduction of WSDWs, in addition to the development of the Antarctic Circumpolar
Current (ACC), has been proposed to have aided in the thermal isolation of the Antarctic
continent and initiation of permanent ice sheets by c. 14 - 13 Ma (e.g., Hall, et al., 2003;
Verducci, ef al, 2009; Anderson & Wellner, 2011). Additionally, from c. 18 to 10 Ma
Arctic gateways progressively opened leading to the production of proto-North Atlantic
Deep Water (NADW), aiding in the transition from greenhouse climates of the Early
Cenozoic, characterised by latitudinal halothermal circulation, to the icehouse climate of
present, characterised by a meridional thermohaline circulation (Wright, et al, 1991;

Flower & Kennett, 1993; Exon, ef al 2004; O'Reagan, ef al., 2011).

Since its establishment, the Southern Ocean has provided a connection between the
Antarctic continent and the Atlantic, Indian and Pacific Oceans via the ACC and through
a global network of northward bound Deep Western Boundary Currents (DWBC)
permitting the existence of a meridional overturning circulation (Schmittner, ef al., 2007;
Marshall & Speer, 2012), and inter-ocean communication routes, for the exchange of heat,
salt, freshwater, biogeochemical substances and gases (e.g., CO,, O, CH,) that influence

the global climate (Ganachaud & Wunsch, 2000; Weijer, et al., 2012; Bostock, et al., 2013).
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(a) Circumpolar Fronts and Surface Water Masses (b) Wind-driven Surface Currents

Figure 2.1 | Schematic of the structure & flow of the Southern Ocean. (a) Circumpolar Fronts:
Subtropical Front (STF), Subantarctic Front (SAF), Polar Front (PF), Southern Front (SF) and Southern
Boundary Front (SBF). Surface Waters: Subantarctic Water (SAW; turquoise), Circumpolar Surface
Water (CSW; light blue), Antarctic Surface Water (AASW; mid to dark blue). (b) Surface Currents:
Antarctic Circumpolar Current (ACC), poleward limbs of the Subtropical Gyres in the South Pacific
(SPSG), South Atlantic (SASG) and Indian Ocean (IOSG), the subpolar gyres of the Ross (RG), Weddell
(WG) and Kerguelen (KG) basins and westward flowing Antarctic Coastal Current (ACoC). The
Campbell Plateau (CP), Southwest Pacific Basin (SWPB) and transect line P14 of the World Ocean
Circulation Experiment (WOCE; see also Figure 2.5) are labelled in both (a) and (b), modified from
Carter, et al., (2009) and Rintoul, et al. (2001, 2012)

The Southern Ocean is dominated by the Antarctic Circumpolar Current (ACC)
(Russell, et al., 2006; Sokolov & Rintoul, 2009). Extending to 2000 kilometers in width,
with depths of up to 4000 m, the cross-sectional area of the ACC allows for the current to
transport and mix more water than any other current on Earth (Barker & Thomas, 2004;
Rintoul, 2009). As the ACC extends from the sea surface to the sea floor it is largely steered
by seafloor topography (Gille, et al., 2004). For much of its passage, the ACC flows along
flanks of mid-ocean ridges and either widens (e.g., Kerguelen Plateau) or becomes
constrained (e.g. Drake Passage, Campbell Plateau) when passing over, or around, oceanic
plateaux, and shifts poleward where gaps exists in the mid-ocean ridge systems
(Whitworth & Peterson, 1985; Morris, et al., 2001; Carter, et al., 2009; Figure 2.1(b)). In

part, this bathymetric steering has resulted in the braided flow structure of the ACC, which

Chapter 2 The Southern Ocean 8




consists of embedded regions of deep reaching, high speed currents, which outcrop at the
sea surface as a series of circumpolar fronts (Orsi, ef al, 1995). The northern boundary of
the ACC is defined by the Subantarctic Front (SAF), succeeded to the south by the Polar
Front (PF), Southern Front (SF) and Southern Boundary Front (SBF) (Carter, et al., 2009)
(Figure 2.1(a)). South of the SBF the west and easterly wind belts form three deep
reaching gyres; (1) the Weddell Gyre, (2) the Ross Gyre and (3) an unnamed gyre, termed
by some authors as the Kerguelen Gyre (Fahrbach, 2013) (Figure 2.1(b)). These gyres
extend from the ACC to the Antarctic continental margin and occupy the ridge-bound
sectors of the Weddell, Ross and Australian-Antarctic basins (Orsi, et al., 1993; Jacobs, et
al., 2002; Carter, ef al., 2009). They transfer nutrients and what little heat has reached this

latitude, from the ACC to the Antarctic margin (Barker & Thomas, 2004) (Figure 2.1(b)).

Circumpolar front’s partition water masses of the Southern Ocean that are
characterised by different physiochemical properties (Rintoul, ef al., 2001). The STF marks
the boundary where cool, low salinity Subantarctic Waters (SAW) to the south, converge
with warm, highly saline Subtropical Waters (STW) to the north (Figures 2.1(a) & Figure
2.2). SAW sinks at the STF and mixes with denser water masses below forming
Subantarctic Mode Water (SAMW) (Figure 2.2(i)). Well-oxygenated SAMW descends
northward to c. 500 m depths and effectively ventilates the deep ocean. Further mixing of
SAMW on decent contributes to the formation of Antarctic Intermediate Water (AAIW),
a denser water mass that descends north under SAMW to depths of ¢. 1500 m (Figure 2.2
(ii)). AAIW also forms along the PF where near freezing, relatively fresh Antarctic Surface
Water (AASW) sinks under the more buoyant Circumpolar Surface Water (CSW) (Figure
2.2(iii)). AAIW and SAMW circulate through the subtropical gyres of the Atlantic, Indian
and Pacific, before returning to the Southern Ocean as 'old" AAIW/SAMW (Orsi, et al.,
1995; Carter, et al., 2009; Weijer, et al., 2012).

The main water mass of the ACC is Circumpolar Deep Water (CDW), which is
subdivided into three types based on salinity, nutrient and oxygen content (L. Carter, ef al,
2004; McCave, et al., 2008). Upper Circumpolar Deep Water (UCDW) is enriched in
nutrients and depleted of oxygen (Figure 2.2(iv)). On return to the Southern Ocean 'old’
AAIW and SAMW are converted through mixing with denser layers to form UCDW.

Chapter 2 The Southern Ocean 9
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Figure 2.2 | A schematic of circumpolar fronts & water masses of the Southern Ocean. (i)
SAMW=Subantarctic Mode Water, formed from SAW sinking below STW, (ii) AAIW=Antarctic
Intermediate Water, (iii) AASW sinking below CSW, (iv) UCDW=Upper Circumpolar Deep Water, (v)
UCDW mixes with AASW at the PF, (vi) MCDW=Middle Circumpolar Deep Water, (vii)) MCDW
contributes toward the formation of (viii) LCDW= Lower Circumpolar Deep Water, (ix) LCDW mixes
with AASW and, (x) HSSW & ISW=Highly Saline Shelf Water & Ice Shelf Water, (xi) dense LCDW
sinks, (xii) forming a mixed LCDW-AABW=Antarctic Bottom Water, (xiii) AABW formation via
coastal polynyas, (xiv) LCDW-AABW distributed through ocean basins as DWBC=Deep Western
Boundary Currents. SPGS, ACC, RG and ACoC are labelled as an example to illustrate surface and deep

water circulation, modified from Carter, ef al. (2009).

Additionally, UCDW forms when nutrient rich deep waters are upwelled to the surface
and are subsequently depleted of oxygen through biogenic processes. The core of UCDW
flows north at depths of c. 2,000 m and shoals south of the PF where it mixes with AASW
(Figure 2.2(v)) (Carter, et al., 2004, 2009). Middle (or Modified) Circumpolar Deep is
highly saline (c. 34.9-35.0 psu), reflecting the input of North Atlantic Deep Water
(NADW) (Figure 2.2(vi)). Upon meeting the ACC, NADW is entrained and exported
eastward around the Antarctic continent, and mixes with waters from the Indian and
Pacific Oceans. Despite vigorous mixing, the high salinity signature of NADW is retained
(Tally, et al., 2011; Lozier, 2012). MCDW rises from depths of c. 3000 m to shoal near the

SF where it mixes with deeper waters contributing to the formation of Lower Circumpolar

Chapter 2 The Southern Ocean 10
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Deep Water (LCDW) (Figure 2.2(vii)) (Carter, ef al., 2009; Weijer, ef al., 2012). As such,
LCDW has high oxygen (4-6 umoles / kg seawater) and salinity signatures inherited from
NADW (Toggweiler & Samuels, 1995). At several locations around Antarctica, LCDW
rises to the surface along the SBF (Figure 2.2(viii)). Upon reaching the sea surface LCDW
mixes with cold AASW (Figure 2.2(ix)), in addition to Highly Saline Shelf Waters (HSSW-
Foster & Carmack, 1976) and cold Ice Shelf Waters (ISW- Baines & Condie, 1985; Figure
2.2(x)). A proportion of LCDW becomes denser than ambient waters and sinks below the
more buoyant upwelled LCDW (uLCDW), renewing deep ocean circulation (Figure
2.2(xi)) (Ganachaud & Wunsch, 2000; Jacobs, 2004; Carter, et al., 2009).

At depths below c. 4000 m, LCDW mixes with extremely cold and dense Antarctic
Bottom Water (AABW), forming an admixture of the two masses (LCDW-AABW or
¢LCDW; Figure 2.2(xii)) (McCave, ef al, 2008; Carter, ef al., 2009). AABW forms at
certain locations along the Antarctic coastline, namely within the subpolar gyres, where
intense cooling and salinification of surface waters occurs through ocean-atmosphere-ice
interactions (Rintoul, 2011). Several mechanisms are proposed for AABW formation; (1)
coastal polynyas — where katabatic winds (Figure 2.2(xiii)) push sea-ice seaward exposing
surface waters to the intense cold of the Antarctic atmosphere; (2) formation of ISW and
HSSW - through freezing and melting at the base of ice-shelves (ISW), which together with
brine rejection forms HSSW(Figure 2.2(x)); (3) intrusions of saline NADW bearing
LCDW beneath ice shelves (Figure 2.2(viii)) and; (4) mixtures of the above (Orsi, ef al.,
1999; Carter, et al., 2009; Padro, et al., 2012).

Except for the deepest basins around the Antarctic margin (where AABW resides),
CLCDW fills the abyssal realms of the major oceans and is carried equatorward in a global
network of Deep Western Boundary Currents (DWBC) (Figure 2.2(xiv)) travelling at c.
3500 — 5000 m below the ocean surface (Figure 2.2(c)) (Weijer, et al., 2012). The Pacific
DWBC (PDWBC) is the largest in the world (Whitworth ef al., 1985, 1999), providing the
main source of deep water to the greater Pacific Ocean (Warren, 1971, 1973). The flow of
¢LCDW into the deep Pacific is modulated by the ACC, which entrains and mixes all water
masses with ambient waters of the current, before they continue north as DWBCs
(Fukamachi, ef al., 2010; Meinen, ef al., 2012; van Sebille, ef al., 2013). Late Neogene (c. 13

to 0 Ma) changes in deep water circulation and thus, the chemical evolution of ELCDWs
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of the PDWBC, are thought to have been associated with: (a) Southern Ocean processes, in
regions of deep water formation in relation to the changing glacial state of Antarctica (e.g.
Carter, et al., 1996; Barker & Thomas, 2004; Florindo & Siegert, 2009; Holbourn, et al.,
2013); (b) NADW export to the Southern Ocean, which has changed in response to the
opening and closing of major Northern Hemisphere seaways (Figure 2.3(a); e.g., Rutberg,
et al., 2000; Frank, ef al., 2002; Robinson & van de Flierdt, 2009); (c) Indian Ocean Deep
Water (IODW) export, which has been influenced by weathering and erosion of the
Himalayan ranges and constriction of the Western Tethys Seaway and Indonesian
Gateway (e.g., Hotinski & Toggweiler, 2003; Khunt, et al., 2004; Frank, et al., 2006; Figure
2.3(a)) and; (d) North Pacific Deep Water (NPDW) export, which has responded to
changes in Arctic (e.g., Thompson, ef al., 2012), Central (e.g., Christiansen, et al., 1997)
and Pacific seaways (e.g., van de Flierdt ef al., 2004; Figure 2.3(a)). Thus, the chemical
oceanography of the ACC and PDWBC are likely to have changed in response to the late
Neogene evolution of the oceans, climate and cryosphere (Table 1.1). The ACC-PDWBC
is presently (and over the course of the late Neogene) transported from the Southern
Ocean into the Southwest Pacific along the prominent western boundary of the New
Zealand continent and thus, the chemical evolution of the current is also likely to be
influenced by local sources in addition to global chemical signals derived from water mass

mixing within the ACC.

2.2 The New Zealand Oceanic Gateway

The Campbell Plateau and Macquarie Ridge form the southern submerged extensions of
the New Zealand microcontinent (Shuur, ef al., 1998; Campbell & Hutching, 2007) and
strongly influence the nature and flow of the ACC and underlying (>3500 m) Pacific
DWBC (Figure 2.3 (b & ¢)) (Carter, ef al., 2009). Fracture zones and topographic lows of
Macquarie Ridge provide deep water passageways, whereas topographic highs obstruct
flow. Thus, at the approach to the Pacific Ocean, a small portion of the ACC-PDWBC
enters the Pacific through deep seated gaps in the ridge, north and south of Macquarie
Island, which allow current filaments to spill into the adjacent Emerald Basin (Gordon,
1972, 1975), where sediments from the Macquarie Ridge and Solander Trough are

presently injected into the current system (Carter & Mitchell, 1987; Carter, et al., 1996).

Chapter 2 The New Zealand Oceanic Gateway 12



(a) Canadian Arctic Archipelago Fram Strait
(c. 1 Ma) (17-10 Ma)

Bering Strait Greenland-Scotland Ridge

(17-10 Ma)

n Gateway
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Pacific DWBC

Figure 2.3 | Oceanic gateway events of the Late Neogene and the Southwest Pacific gateway of the
Pacific DWBC. (a) Major ocean ‘gateway’ events since formation of the ACC. Continental arrows
indicate the direction of continental drift with Antarctic and Arctic Seaways opening (purple ‘gates’) as
equatorial, Tethyan Passages, have closed (black ‘gates’), modified from Frank (2002). (b) Key
bathymetric elements of the New Zealand sector of the Southern Ocean displaying the CP= Campbell
Plateau, MR= Macquarie Ridge and BS= Bollons Seamount in black (insert box= Figure 2.4). The CNF=
Campbell Nodule Field (pink area), north-eastern sector of the field - study area (red star) and ACC
(white arrows) are also shown. Image modified from Shirah, et al. (2009). (c) The Pacific DWBC
carrying chemical signals to the CNF, to be sequestered and archived by the underlying FMNs (brown
dots), modified from (Chang, ef al., 2003; see also Damuth, 1980).

The main body of the ACC-DWBC passes around the southern tip of Macquarie Ridge
before entering the Emerald Basin as a series of meanders and deep reaching mesoscale
eddies, reaching depths >3000 m (Boyer & Guala, 1978; Morrow, ef al., 1992; Hollister and
Nowell, 1991). The Campbell Plateau on the other hand, serves as a solid barrier, forming

part of the western margin of the Southwest Pacific Basin. The surface of the Plateau lies
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mainly at water depths between 400 — 1000 m, apart from a series of volcanic Subantarctic
Islands (Figure 2.4). Upper layers of the ocean, above and to the east of the Campbell
Plateau, contain two major frontal systems; the SAF, associated with the northern
boundary of ACC, separating cold polar waters to the south from subtropical waters to the
north, and the STF, associated with the poleward limbs of the South Pacific Gyre. SAMW
and AAIW bathe the top and eastern flank of the Campbell Plateau at depths of 400 — 1500
m (Morris, ef al., 2001; Figure 2.4 & 2.5). To the east, the Plateau descends steeply to the
seafloor of the Southwest Pacific Basin at depths of ¢. 4000 - 5000 m (Nelson & Cooke,
2001; Wright, et al., 2005).

On intercepting the Campbell Plateau the ACC-PDWBC is steered to the north,
impinged along the c. 4000 m high scarp of the Subantarctic Slope (Figure 2.4).
Interaction of the current system with the plateau enhances high energy eddy systems
associated with the SAF, which impart kinetic energy to the underlying Pacitic DWBC and
seabed (Bryden & Heath, 1985; Hughes & Ash, 2001). The momentum creates fast flowing
bottom currents up to 29 cm/s along the south-eastern margins of the Plateau (Carter &
McCave, 1997; Carter & Wilkin, 1999), beneath which the Campbell Nodule Field is
distributed (Wright, ef al., 2005). On meeting Bollons Seamount the ACC-PDWBC system
separates, marking the northern extent of the nodule field about the flanks of the seamount
(Figure 2.3(b, c¢); Wright, et al, 2005). The ACC continues its circum-antarctic circuit
across the southern Pacific Ocean while the 1000 km-wide DWBC continues north along
the Campbell Plateau, across the Bounty Fan, around the eastern edge of Chatham Rise, to
pass through the Valerie Passage and on to the Tonga-Kermadec Ridge, where it continues

into the Greater Pacific Ocean (Figure 2.4; Carter & McCave, 1994; Carter ef al., 1999).

The ACC-PDWBC system is thus strongly influenced by oceanographic and
continental processes of eastern New Zealand. Carter ef al., (1996, 2004) proposed the
Eastern New Zealand Sedimentary System (ENZOSS) to connect the climatic,
oceanographic, sedimentary and tectonic processes controlling the sedimentary regime
beneath the PDWBC. ENZOSS sediment supply to the study area is presently dominated
by terrigenous sediments from the rising mountains of the South Island (Figure 2.4). Land

derived sediments are introduced to the ACC-PDWBC via extensive submarine
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Figure 2.4 | Ocean circulation and seafloor sediments of the New Zealand Oceanic Gateway. Ocean
circulation patterns are represented by arrows of varying width and colour. Deep water circulation
patterns are represented by wider arrows and shallower circulation by narrower arrows. Colour codes
for the arrows are listed in the key. Seafloor sediments are also colour coded and listed within the
accompanying key. Annotated features of the gateway are; Macquarie Ridge (MR), Solander Trough
(ST), Emerald Basin (EB), Campbell Plateau (CP), Campbell Nodule Field (CNF), Bollons Seamount
(BS). The study area is denoted by the black outline and illustrated in detail in Figure 2.6. Image
modified from Orpin, ef al. (2008).
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Figure 2.5 | Structure of water masses from the Antarctic continent to the Campbell Plateau.
Antarctic Bottom Water (AABW), Lower Circumpolar Deep Water (LDCW), North Atlantic Deep
Water (NADW), Antarctic Intermediate Water (AAIW), Subantarctic Mode Water (SAMW). Image
derived using data from ‘P14 south’ the World Ocean Circulation Experiment (see also Daly, et al,

2001), using Ocean Data View (see also Schlitzer, 2002).

channels and their prograding fan complexes. South of the study area (Figure 2.4 & 2.6),
the Solander Trough has intercepted the path of the ACC-PDWBC system since c. 3 Ma,
injecting a source of land-derived sediments into the current (Figure 2.4), which is most
apparent during shallow glacial conditions (Carter & McCave, 1997). An alternative local
source of sediments to the ACC-PDWBC is derived from accumulations of calcareous and
siliceous shells deposited above the carbonate compensation depth (CCD, < 4500m;
Thuman & Trujillo, 2004), illustrated by the presence of carbonate ooze in Figure 2.4.
Additionally, dissolution of shells and tests below the CCD provide a source of dissolved
and organically complexed chemicals to the current system. Furthermore, intermittent
volcanic sources of chemicals and sediments have been evidenced in the region, derived
from the Subantarctic Islands (e.g. Timm ef al., 2010) and further afield, including the
Taupo Volcanic Zone (e.g. R. Carter, et al., 2004; Figure 2.4). However, for the most part,
intensified current activity of the ACC-PDWBC prevents the accumulation of detrital and
biogenic sediments providing ideal conditions for the precipitation of Fe-Mn minerals,

and thus the formation of the Campbell Nodule Field (Graham ef al., 2004; Figure 2.6).

Chapter 2 The New Zealand Oceanic Gateway 16



2.3 The Campbell Nodule Field

The Campbell Nodule Field (CNF) extends 1700 km along the southern and south eastern
margin of the Campbell Plateau at water depths of 4000 - 5200 m (Wright, ef al., 2005) and
is part of a much larger field, a few hundred kilometers wide, that encircles much of the
Antarctic continent (Fakes & Moreton, 1990). Knowledge regarding the timing of nodule
formation, mechanisms of growth, and the relationship between the nature of the
ferromanganese nodule (FMN) deposits and the overlying PDWBC, was unknown until a
RV Tangaroa cruise to the north-eastern sector of the field was undertaken in 1991.
Seafloor mapping, photography and dredging along two transects were used to determine
nodule characteristics and to map their distribution beneath the Pacific DWBC (Figure
2.6; Chang, et al., 2003; Graham, et al., 2003,; Graham, et al., 2003y; Wright, et al., 2005).
Previous studies on FMNs from the study area (and region) describe the occurrence and
chemistry of FMNs with limited discussion on the mechanisms of nodule formation and
the paleoceanographic evolution of the ACC-PDWBC from within this region (e.g.
Summerhayes, 1967; Margolis, 1973, 1975; Meylan, et al., 1975; Glasby & Summerhayes,
1975; Glasby, 1976; Watkins & Kennet, 1977; Glasby, et al., 1980; Carter, 1989; Glasby &
Wright 1990; Glasby, et al., 1991; Usui, et al., 1993; Usui & Someya, 1997).

Across the study area from west to east, FMN shape, size, seafloor density and the
underlying seafloor sediments, were found to vary with distance away from the
Subantarctic Slope and five distinct nodule facies were identified (Wright, et al., 2005;
Figure 2.6). The Upper Subantarctic Slope is covered by a thin layer of sediment, the
‘Campbell Skin Drift’ (Carter & McCave, 1997; Chang, ef al., 2003; Wright, et al., 2005),
which is littered with ice rafted boulders and occasional whale bones coated in
ferromanganese (Figure 2.6 see also Figure 3.4). At Ocean Drilling Program (ODP) Site
1121 (Legl81), the Campbell Skin Drift contains buried nodules at several stratigraphic
horizons, entrapped by periods of faster sedimentation (R. Carter, ef al., 2004; Graham, ef
al., 2004). South-east of Antipodes Islands, sediments grade into a mixed nodule-sediment,
composed of abundant hydrogenous (derived from seawater) FMNs of uniform size and
density (SHH facies; Figure 2.6(e)). The Lower Subantarctic Slope is composed of a mobile

sediment belt characterised by well-developed sand ripples (Figure 2.6(a)), which
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in regions, is overlain by hydrogenous and diagenetic (derived from pore waters) FMNs of
low density (ADHL facies; Figure 2.6(b)). East of the sediment belt, the main nodule field
abuts the base of the Subantarctic Slope at water depths of 4000-5200 m. The field forms a
¢c. 300 km wide belt at 55-53.5°S, narrowing to c. 100 km at 51°S, where the field divides
around Bollons Seamount (Carter, 1989; Wright, ef al., 2005). The main nodule field is
locally eroded into 2 - 3 km wide active scour paths incised by faster flow filaments of the
ACC-PDWBC (Figure 2.6). Beneath the fast flowing currents abyssal hydrogenous FMNs
grow in high abundance (AHH facies; Figure 2.6(c)) grading from hydrogenous to
diagenetic eastward, as currents weaken and sediment cover increases (ADH facies; Figure
2.6(d); ADL facies; Figure 2.6(f)). Additionally, nodule density diminishes laterally,
grading from high to low density facies over c. 50 - 100 km, into abyssal seafloor sediments
of the Southwest Pacific Basin. These sediments are composed of bioturbated clays and are
completely devoid of FMNs (Figure 2.6(h)). In contrast, to the north-west the nodule field
terminates abruptly along the flanks of Bollons Seamount (Chang, ef al, 2003; Wright, ef
al., 2005; Figure 2.6(g)).

A representative selection of FMNs from various facies were studied to determine;
distribution and morphology (Chang, ef al., (2003), petrography and chemistry (Graham
et al., 2003a) and deposit ages (Graham, ef al., 2003b). The key conclusions were that Fe-
Mn precipitation began at c. 14 Ma, with the oldest and largest hydrogenous FMNs
generally forming beneath the strongest ACC-PDWBC pathways, impinged along the
Subantarctic Slope. Internally, FMNs illustrated a wide variety of macro- and microscopic
growth textures with growth rates and chemical contents generally decreasing from core to
rim (see Graham, ef al, 2003a for more details). Changes in nodule architecture and
chemistry were interpreted to reflect changes in the physical and chemical characteristics
of the PDWBC in response to local, regional and global environmental changes (Wright, et
al., 2005; Graham & Wright, 2006). Thus, research into the changing elemental and lead
isotopic compositions of the largest nodule (U1365B-M) recovered from the field, will cast
new light on the history of the PDWBC, which has played an essential role in controlling

Southern Hemisphere and global climate over the nodules 14 — 13 Myr growth history.
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3.1 Abyssal Archives

FMNs are composed of intricate mixtures of Fe-Mn minerals and detrital grains. The
former are precipitated directly from seawater over several millions of years, forming a
series of concentric layers that each hold a record of the chemical composition of the deep
ocean at the time of deposition (Hein, ef al., 1992; Frank, ef al., 2002). In contrast, detrital
grains, entrapped during growth, are derived from the surrounding landmass and(or)
reworked seafloor sediments, providing a record of continental erosion and(or) phases of
strong bottom water activity (Banakar, ef al., 1993, 2003; Banakar, 2010). The proportion
of entrapped detrital minerals, and the elemental and isotopic composition of Fe-Mn
minerals, thus provide a wide range of information on: sediment (element) sources, the
mode and nature of sediment (element) transport, past climate changes, ocean circulation
patterns, current speeds, organic fluxes, deep sea ventilation (redox), and changes in the
mechanism of nodule formation (Glasby, 2000; Goldstein & Hemming, 2003; Calvert &
Pedersen, 2007). Additionally, the internal structure of FMNs can be used to discern major
changes in the depositional environment through variations in texture, microscopic
growth structures and growth rates (Segl, ef al., 1989; Mangini, ef al., 1990). As such, the
physical and chemical archives of FMNs can be used to reconstruct the paleoenvironment
of deposition, providing a record of the major paleoceanographic events over the nodules

growth history (Calvert & Pedersen, 2007).

A pre-requisite for paleoceanographic interpretation is an accurate chronological
framework, upon which the history of the deep ocean can be constructed. Attempts to date
FMNs have employed various approaches including strontium (*Sr/*Sr) ratios (Hein, et
al., 1993; Burton, et al, 1997), magnetostratigraphy (Joshima & Usui, 1998; Oda, ef al,
2011) and recently, osmium (*¥Qs/'%0s) ratios (Nielsen, et al., 2011). The most precise age
and growth rate estimates have been obtained using thorium (*°Th/***Th) ratios, however,
such chronologies are restricted to the last ~400 kyrs (Segl, ef al., 1984; Abouchami, ef al,
1997; Han, et al., 2009). The application of cosmogenic beryllium (*°Be), normalised to its
stable isotope (*Be), have been shown to give reliable results on chronologies back to c. 10 -
15 Ma (Ling, et al., 1996; Frank, ef al., 1998; Ding, et al., 2009; Zhang, et al., 2013) and are

supported by recently developed Os isotope stratigraphy (Klemm, et al., 2005, 2008).
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The two isotopes of beryllium have distinctly different origins. Dissolved °Be is sourced
from continental material and '’Be from the interaction of cosmic rays with oxygen and
nitrogen atoms in the upper atmosphere (Bourles, ef al., 1989). Spallation of these atoms
produces particle-reactive '°Be that absorbs onto aerosols and is rapidly transferred to the
Earth’s surface via precipitation (Raisbeck, ef al., 1981). If deposited in a continental
setting, '“Be interacts with the nuclei of atoms on surface sediments where it decays with a
half-life of ~1.4 Ma (Korschinek, et al, 2010; Chmeleft, et al., 2010) and thus can be used
to date sediments to c. 10 - 15 Ma (Glasby, 2000; Frank, ef al., 1999, 2009). If deposited in
the ocean, '“Be is effectively removed from the water column on settling particles and
accumulates in deep sea sediments. FMNs acquire '“Be as they grow by accretion of the
settling particles directly from seawater (Turekian & Bacon, 2003; Willenbring & von
Blanckenburg, 2010). Once in the ocean, '’Be and land derived °Be have oceanic residence
times of c. 500 years and thus concentrations are effectively homogenised by advection and
water mass mixing, making it effectively independent of its locus of delivery (Turekain &

Cochran, 1979).

The beryllium isotope dating method, used for this thesis (see Graham, et al., 2003b,
Graham & Ditchburn, 2006 unpublished), employs the isotopic ratio of ’Be/°Be, as
isotopic concentrations are affected by variable scavenging on settling particles and the
exposed surface of FMNs (Somayajulu, 2000). As differential scavenging and ocean
homogenisation affect both '’Be and °Be isotopes equally, so that, any variations in the
above processes, do not change the '“Be/’Be value, '°Be is normalised with respect to *Be
(Willenbring & von Blanckenburg, 2010). Given the fundamentally different input sources
of Be isotopes, the method applies only to the dissolved fraction, associated with the
hydrogenous component of FMNs (Bourles, ef al., 1989). Sequential leaching techniques
have thus been developed to selectively extract the authigenic phase in order to measure its
“Be/*Be (Bourles, et al., 1989; Graham, et al., 2003b). The resulting authigenic '’Be/’Be
thus represents soluble beryllium present at the time of deposition and can be used to
develop a chronological framework. Beyond 10 - 15 Ma Be isotope dating becomes
inaccurate, as '"Be concentrations fall below accelerator mass spectrometry (AMS)
detection limits. The only other geochemical tool available for estimating age and growth

rates beyond this age are cobalt (Co) chronometers and flux models (Frank, ef al., 1999).
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Cobalt chronometry relies on the assumption that Co has a short residence time in the
oceans, as it is effectively scavenged by the authigenic mineral vernadite (8MnO,) thus, the
Co-flux to the deep ocean, on temporal and regional scales, is thought to be constant.
Changes in the concentration of Co are interpreted to reflect a change in growth rate with
high concentrations resulting from low accretion rates, allowing more time for the
scavenging of Co from ambient seawaters (vice versa for low concentrations). A series of
cobalt chronometers have been developed to derive growth rates from Co concentrations
(Halbach, et al., 1983; Manheim, 1986; Puteanus & Halbach, 1988; Manheim & Lane-
Bostwick, 1988; Frank, et al., 1999; Table 3.1). Additionally, Co-flux models can be
applied, when growth rates are calculated from the logarithmic fit of beryllium derived
growth rates and Co concentrations (in wt%). The age is then determined from the
calculated Co growth rates and extrapolated beyond samples dated by beryllium

cosmochronometry, to derive older chronologies and accretion rates.

The equation of Manheim (1986) is considered the most applicable chronometer, used
on a wide variety of ferromanganese deposits with [Coy] referring to the concentration of
Co (wt%). The chronometer of Halbach, ef al. (1983) is more specifically designed for Co-
rich deposits and that of Frank, et al (1999) for Co-poor deposits. The use of Co
chronometers to date FMNs and crusts in excess of 10 Ma has been applied extensively
(e.g. Frank, ef al, 1999; van der Flierdt, ef al., 2004; Banerjee, et al., 2010), however their

application has recently been brought into question (see Nielsen, ef al., 2011).
Type Equation Author

All FMN deposits G (mm/Ma) = 0.68/[Coy,] "%’ Manheim (1986)
Co-rich crusts

(0.2 -2 wt %) G (mm/Ma) = 1.28/[Coy]- 0.24 Halbach et al. (1983)
Co-poor deposits

(<0.3 wt %) G (mm/Ma) = 0.25/[Coy]** Frank et al. (1998)

Table 3.1 | Cobalt chronometers of Manheim (1986), Halbach, et al. (1983) and Frank, et al. (1998)
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An important consideration before using Co chronometers is to assess whether older
FMN (& crusts) sections have been altered by phosphatisation. This occurs when older Fe-
Mn minerals are impregnated with carbonate fluorapatite, which effectively ‘dilutes’ the
chemical composition of these zones and thus the efficiency of the Co-chronometer
(Puteanus & Halbach, 1988; Koschinsky, et al., 1997). Phosphatisation is a common
feature of Fe-Mn crusts from the Central and South Pacific Ocean. Within the New
Zealand region an episode of phosphatisation occurred during the Middle Miocene
Climate Optimum resulting in widespread phosphate deposits across the Chatham Rise
and Campbell Plateau (Figure 2.4). During the Middle Miocene Climate Transition into
colder more oxygenated conditions, phosphate deposits were superseded by Fe-Mn
precipitation, to form the Campbell Nodule Field (Glasby & Summerhayes 1975; Graham,
et al., 2004). On assessing FMNs collected from the field, Summerhayes (1967) and Glasby
(1970) found nodules to contain carbonate fluorapatite with up to 3% P,Os. Additionally,
Glasby & Summerhayes (1975) found that some FMNs had grown around older
phosphorite nodules. Concerns as to whether U1365B-M had grown around an older
phosphate deposit or developed an older nodule zone altered by phosphatisation, can be
rejected as Graham, ef al. (2003.) report 0.6% P,Os for the oldest sections of nodule
U1365B-M.

An additional concern when using either '"Be/’Be dating or Co-chronometry is that
they fail to identify hiatuses of erosion or non-deposition, which are generally visible from
macroscopic and microscopic changes in the structure of ferromanganese precipitates
(Banakar, et al., 1993; Banerjee, et al., 1999; Pulyaeva & Hein, 2010). Hiatuses may result
from: (1) a cessation in ferromanganese oxyhydroxide precipitation due to changes in
ambient chemical conditions; (2) submarine weathering via chemical dissolution; (3)
physical erosion by abyssal currents and; (4) periodic burial under a layer of sediment
preventing oxyhydroxide precipitation, which is later removed by erosive bottom currents
to re-establish precipitation. Unconformities can be identified in back-scattered electron
images (BSE) as sharp boundaries that truncate pre-existing growth structures and reflect
local, regional or basin-wide changes to the physical and chemical properties of the ocean

(e.g. Segl, et al., 1989; Banakar, et al., 1993).
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3.2 Formation & Classification

The formation, distribution and composition of FMNs vary from ocean to ocean, basin to
basin and within basins (Zhang, ef al., 2013) reflecting: (i) availability of nucleating seeds
for nodule growth; (ii) local, regional and global fluxes of elements and their proximity to
nodule fields; (iii) seafloor topography, with major fault zones, seamounts, abyssal slopes
and hills, forming preferred locations for nodule formation, and; (iv) the circulation
pathways of vigorous abyssal currents, typically dominating water depths of 4000 - 6500
m. These abyssal currents restrict sediment deposition to rates generally below 10 mm ky
(Mero, 1965; Glasby, 2000; Hein & Koschinsky, 2013). Over millions of years, vigorous
abyssal currents have provided an oxygenated environment, enabling the precipitation of
elements from these waters to form Fe-Mn minerals, and kinetic energy to maintain

nodules at the sediment-water interface (in addition to bioturbation) (Usui, et al.,, 1993;

Koschinsky & Hein, 2003; Mukhopadhyay, et al., 2008; Figure 3.1).

Figure 3.1 | Global distribution of EMN fields and ocean circulation. Map of main nodule fields
(dark blue) in relation to ocean circulation patterns: (i) deep to bottom waters > 3500 m (dark purple);
(ii) intermediate to deep waters (light purple); (iii) intermediate waters of 2000 — 3500 m (dark blue);
(iv) surface to intermediate waters (green blue) and; (v) surface waters of 0 — 2000 m (light blue). The
distribution of nodule fields were assembled from: Rawson & Ryan (1978); Piper, et al. (1985); Fakes &
Moreton (1990), and; Glasby, (1977a, 1984, 2000). Image modified from Hein, ef al. (2013).
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The formation of extensive nodule fields reflects the abundance of Mn and Fe in the
Earth’s crust and their ability to migrate under the influence of redox gradients from low
to oxygen-rich environments (Glasby, 2000). With increasing distance below the oxygen
minimum zone (OMZ; a region of low ocean oxygen due to organic decomposition and
limited vertical mixing), and within areas where AATW and NADW sink to ventilate the
mid to deep ocean, seawater becomes saturated in dissolved Mn and Fe (Mero, 1965;
Glasby, 2000; Figure 3.1). Further addition of Fe and Mn below the OMZ zone, under
optimum redox conditions (Eh, pH, high O, concentration) leads to supersaturation of
these elements, forcing their precipitation into a solid authigenic phase (Goldberg, 1954;
Hein, ef al., 2013; Zhang, et al., 2013). The authigenic precipitates are small (10-10,000 A)
and finely dispersed so that their descent through the water column is relatively slow (~
100 years; Hein, et al., 1997). These colloidal particles are electrically charged. Mn exists
predominantly as MnO, with a negative surface charge and Fe as Fe-oxyhydroxides with a
slightly positive surface charge (Mero, 1965; Hein ef al., 2013; Figure 3.2). As the charged
colloids slowly descend through the water column, they attract dissolved elements and
compounds of opposite charge. Generally, dissolved cations such as Co**, Cu**, and Ni**
are attracted to the negatively charged Mn oxides, whereas elements bound to carbonate
ions (e.g. Pb(CO:s),*), hydroxide ions (e.g. Hf(OH)s) and other large complexes (e.g.
MoO4*) are attracted to the positive charge of Fe oxyhydroxides (Hein, ef al., 1997; Figure
3.2). Thus, the ionic charge of an element or ionic compounds, influences how elements
are eventually incorporated into different mineral phases (Koschinsky & Hein, 2003).
Further down the water column, as Fe and Mn become increasingly saturated and O,
concentrations rise, particles can combine to form larger Fe, Mn and mixed Fe-Mn

colloids, which effectively "scavenge" trace elements from ambient seawater (Figure 3.2).

FMNs are classified based on the dominant source of elements as: (1) hydrogenous,
derived from elements dissolved in seawater; (2) hydrothermal, sourced directly from
hydrothermal solutions, and; (3) diagenetic, originating from interstitial pore waters of
sediments (Glasby, 2000; Hein & Koschinsky, 2013; Figure 3.3). Diagenetically sourced
elements increase FMN growth rates by up to 2 - 50 times faster than hydrogenous
counterparts, whose rates are on average 1 mm/10° years (von Stackelberg, 2000).

Hydrothermal FMNs are the fastest growing of the three end-members due to their
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Figure 3.2 | Mechanisms of hydrogenous ferromanganese nodule formation. Simplified colloidal-
chemistry model of FMN formation illustrating the presence of dissolved elements above the O, min
zone [UCDW (Southern Ocean)] and the precipitation of Fe and Mn below this zone, leading to the
formation of Mn and Fe minerals, which effectively scavenge tracer elements of opposing charge from
seawater. Fe-Mn minerals descend through the water column to the seafloor where they adhere to a
nucleus and grow by addition of concentric layers, occasionally entrapping aluminosilicate minerals.

Image modified from Hein, et al. (2013).

proximity to hydrothermal vents and voluminous supply of elements, and form crusts and
pavements rather than FMNs (Hein, ef al., 2013). Concentrations of scavenged elements
can vary in response to: (1) changing environmental conditions in the source region; (2)
changes in ocean circulation patterns and structure, in addition to other oceanographic
parameters such as; (3) Eh-pH relationships; (4) primary productivity of surface waters; (5)
depth of the OMZ, and; (6) carbonate compensation depth (Verlaan, ef al., 2004).
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Figure 3.3 | Hydrogenous and diagenetic modes of nodule formation. The diagram illustrates
hydrogenetic, diagenetic and mixed-source FMN formation. With increasing distance from abyssal
slopes and seamounts FMNs generally become less hydrogenous in nature, commonly in association
with decreased bottom current activity and increased sedimentation rates (Graham & Wright, 2006).
Thus FMNs general grade from a hydrogenous end-member composed of the Fe-Mn mineral vernadite
(6MnO,), through to a mixed-sourced nodule, followed by diagenetic FMNSs, largely composed of the
mineral todorokite. Diagenetic precipitation (upward facing arrows) involves elements derived from
sediment pore fluids that consist of ocean water modified by chemical reactions within the sediment
column. Hydrogenetic precipitation (downward facing arrows) occurs when FMNs grow directly from
ambient seawaters. Mixed origin FMNs are more common than either of the end-member types (Glasby,

2000; Hein & Koschinsky, 2013). Image modified from Hein et al. (2013).

3.3 Physical Archives

On reaching the deep ocean, colloids of Fe and Mn are transported by abyssal currents
until they come into contact with a charged object, capable of adhering precipitates to its
surface. Objects such as shark teeth, calcareous shells, bones, rock fragments and bacterial
communities (coating seafloor substrates), act as electrical conductors, attracting the
charged colloidal particles to the surface of the nuclei where they are ‘fixed” by strong
covalent bonds (Mero, 1965; Glasby, 2000). The initial layer of precipitates consists of
mineralised and biomineralised Fe-oxyhydroxides, which act as a catalyst for the

precipitation of Mn-minerals. Following the build-up of initial Fe-Mn mineral layers, the
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reaction becomes autocatalytic, whereby nodule material itself scavenges colloidal particles,

dissolved elements and compounds from seawater (Koschinsky & Halbach, 1995; Wang &
Miiller, 2009; Wang, et al., 2010, 2012; Figure 3.2). Fine-grained lithogenous sediments are
occasionally incorporated into the Fe-Mn mineral structures as they grow (Figure 3.2).
The process continues indefinitely, provided the external adsorption surface remains
exposed to surrounding seawater and biogeochemical conditions are optimal for growth
(Hein, et al, 2007, 2013). Bacterial communities that grow within the matrix of Fe-Mn
minerals attract feeding organisms and consequently, in an almost symbiotic relationship,
the nodules are kept in a constant state of motion. This ‘biogenic lifting’, in addition to
movement by strong bottom currents, maintains their location at the seafloor (von

Stackelberg, 1984, 1997; Weber, et al., 2000; Yli-Hemminki, ef al., 2014).

Over thousands to millions of years, FMNs develop concentric layers, composed of
intricate mixtures of Fe-oxyhydroxides (reddish-brown), Mn-oxides (blue-black) and fine-
grained aluminosilicate grains (grey-white). Accreting colloidal particles naturally form
spherically-shaped concretions, hence, generally, the more spherical the deposits, the
greater the seawater component. However, there are other influences operating to modify
the spherical shape such as: (i) the shape of nodule nuclei; (ii) predominance of
hydrogenous, diagenetic, or hydrothermally sourced elements; (iii) proportion and size of
trapped detrital grains; (iv) the degree of bioturbation and strength of bottom water
currents and (v) density of neighbouring nodules and free space for growth (Mero, 1965;
Koschinsky & Halbach, 1995). Consequently, FMNs are found in a variety of forms
(Figure 3.4). Furthermore, FMNs can be characterised by the nature of their internal
structure, as revealed in whole-nodule cross-sections (Figure 3.5). Cross-sectional images
form ‘maps’ with which to control analytical work and link physical and chemical data
(Sorem & Fewkes, 1972). Physical properties such as: (i) layer thickness; (ii) distribution of
authigenic, Fe-oxyhydroxides and Mn-oxides, deduced from; (iii) colour; (iv) lustre; (v)
hardness, and; (vi) porosity, are used to divide growth bands into a series of zones,
characterised by similar properties, e.g. core, inner layers, central layers, outer layers and
crust (Figure 3.5). Using this cross sectional approach it is possible to determine (i) the
nature of the nodule nucleus, (ii) the thickness and continuity of layers, (iii) the number of

major zones, (iv) textural features relating to porosity and massiveness, (v) distribution of
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Figure 3.4 | Morphological parameters for characterising FMNs. Using images of FMNs collected
from the Campbell Nodule Field (Chang, et al., 2003), morphological parameters of size, surface texture
and shape are illustrated. The descriptive classification of Glasby, ef al. (1980) is shown were: (1) a prefix
of s, m, 1 denotes size, (2) capitals denote shape e.g. S, D, P and; (3) a suffix of s, r, b denotes textures e.g.

U1365B-M is a large spherical FMN with a smooth surface texture, summarised as 1[S]*.

Fe-Mn phases and detrital material, (vi) regular repetition or cyclic deposition and, (vii)
fractures and unconformities (facies changes) (Glasby, 1977a; Segl, et al, 1989). The
boundaries or horizons between different facies (zones) generally represent hiatuses of

unknown duration ('’Be/’Be dating can be used to give an idea of the timeframe spanning
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a hiatus), during which the environment of deposition changed (Pichoki & Hoffert, 1986;
Xu, et al., 2006). The complex growth histories of FMNs can thus be revealed by the
textures of FMN interiors and correlated with chemical compositions and accretion rates

(Glasby, 1977a; DeCarlo, 1987, 1991; McMurtry, et al., 1994; Koschinsky, et al., 1996).

Nodule Zones Zone Boundaries

outer zone = .
ﬁ gradational
central zone :
inner zone
core
® sharp

crust

Figure 3.5 | Macroscopic nodule architecture. Cross-sectional approach for further characterising the
growth history of FMNs. Five zones are distinguishable based on visible texture changes from the core to
crust. Boundaries or ‘horizons’ between these zones of relatively homogenous growth can be gradational

or sharp, and reflect changes in the mechanism of nodule accretion. Image modified from Trefil (2001).

Although each concentric zone has a certain degree of homogeneity, on a microscopic
level homogenous layers are rarely thicker than 0.1 mm (Glasby, 1977a). The fundamental
structural units of FMNs are built of complex, but distinct internal microstructures,
reflecting the depositional environment and growth history (Sorem & Foster, 1972).
Internal microstructures are classified into five groups: (1) massive; (2) mottled (chaotic,
globular); (3) compact; (4) columnar (dendritic, cuspate), and; (5) laminated. Their
descriptions and paleoceanographic significance are summarised in Figure 3.6 (Glasby,
1977a; Sorem & Foster, 1972; Banakar, ef al., 1993; Banakar & Tarakian, 1991). Analysis of
internal growth structures are important for determining and refining compositional
boundaries of Fe-Mn precipitates and for correlating chemical and physical archives, in
order to improve inferences of past changes in seawater composition and bottom water

conditions (Hein, et al, 1992). Microstructural unconformities (diffuse, sharp and
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Microstructure
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z micronucleus. These structures rapidly, trapping detrital grains.
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= detrital and biogenic material and to increased velocities of abyssal
IG] are enriched in Mn, Ni and Cu currents,
(21% Mn, 12%Fe, 1%Ni, 0.5% Cu).
A dense unit composed of diffuse The microcrystalline nature of
4 laminea of microcrystalline Fe-Mn massive and compact zones
E minerals, with minor amounts of generally indicate a quiescent water
[ detrital material. These zones are column and/or reduced ventilation.
= also enriched in Mn, Ni and Cu Lower oxygen contents and reduced
(32% Mn, 4% Fe, 2% Ni, 0.8% Cu). current speeds limit collidal particle
. Texturally similar to the massive ':‘erﬂ“'?'? and 9"::"‘"“_" 'esu'ml‘l—:! n
9 : zone compact structures contain the premplta!hc-n of micocrystalline
o S~ the most highly reflective laminae et collokds,
E found in nodules and are generally h ; .
v composed of 19% Mn, 17% Fe, 0.6% e occurence of massive and
Ni and 0.2 % Cu. compact zones are relatively rare.
Consists of radially orientated Dentritic and cuspate structures are
o columns of laminated Fe-Mn the most common microstructures.
a minerals. Laminea composing the Generally, cuspate growth indicates
_ 5 columns display: (i) cuspate and (ii) the precipitation of elements almost
= dentritic textures with each column exclusively from seawater with
£ showing a delicate branching structures becoming shorter and
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= densley to sparsely packed with clay structures indicate growth from
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and Mn, 0.4% Ni, 0.25% Cu. rough surface texture.
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E B-."\‘!. ‘l*-—r 228 uniform I_aterally, giving a of e_PImstu:::qm ESEI stnr;cmres
L g.f‘r;\i? m',? 5‘_"’“@_‘,\ 'f: concentrically layered appearence. result in smooth external surfaces.
Figure 3.6 | Microstructures and their paleoceanographic significance. Descriptions and

paleoenvironmental interpretations of microlaminations were compiled from: Mero (1965), Sorem &
Fewkes, (1972, 1977), Goldberg (1974), Segl, et al. (1984, 1989), Mangini, et al. (1990), Hein, et al.
(1992), Banakar, et al. (1993) and Vineesh, et al. (2009). Images modified from Sorem & Fewkes, (1977).

truncated) suggest changes in the style of deposition and periods of erosion or non-

deposition. Specific sequences of microlaminations (and macro changes in texture) that

have been dated, have been shown to be repeated in nodules from different oceanic regions
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(Segl, et al, 1989) suggesting that conditions of deep sea deposition have been relatively

uniform over a wide area for long periods of time, (Glasby, 1985). Correlations of these
textural changes with the timings of significant oceanic changes in circulation, have led to
the suggestion that a change in nodule texture reflects important past changes to the
structure and flow of the deep ocean (Segl, ef al., 1989; Mangini, ef al., 1990; Banakar, ef
al., 1993, 1997). Such changes in nodule architecture are largely governed by changes on
the atomic level, as the underlying chemistry (and incorporation of detrital minerals)

determines the emergent properties of the physical archives.

3.4 Chemical Archives

The chemical composition of nodule growth rings is determined by the physical (e.g., Eh,
pH, temperature), chemical (e.g., salinity, available ions, elements & compounds),
biological (organic fluxes), climatic (G-I cycles, deep water production) and geographic
(e.g., configuration of ocean gateways) controls on the depositional environment (Levin,
2010). These parameters serve to modify the source, transport and sink of elements
delivered to the deep oceans (Table 3.2). Elements can be sourced from: the weathering,
erosion and mass wasting of surrounding continents, and subsequent transport to the
oceans via riverine, aeolian and glacial processes; volcanic eruptions (aerial, submarine &
marine) and venting of hydrothermal fluids; precipitation of cosmogenic particles; gaseous
exchanges between the ocean surface and overlying atmosphere; primary productivity of
surface layers, the settling of dead organic debris and activity of benthic organisms; in
addition to submarine weathering; remobilisation of elements from deep-sea sediments;
and through the translation of chemical signals via mixing and circulation of ocean

currents (Chester, 2003; Thurman & Trujillo, 2004; Figure 3.7).

Seafloor topography, bottom current speeds and sedimentation rates also influence the
rate, type, structure and chemistry of Fe-Mn oxyhydroxide precipitates (and nodules) that
form (Figure 3.3). Moreover, element sources and transport pathways are transient over
geological time. In general terms, cryospheric development and demise have caused
fluctuations in sea level and deep water production, and tectonic forcings have resulted in

the opening and closing of oceanic gateways (Exon, ef al., 2004). Past changes in climate-
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ocean and tectonic-ocean interactions have caused the complete reorganisation of the
oceans, provenance of source material, style and intensity of continental weathering and
erosion, and subsequent alterations to the biogeochemical cycling of seawater constituents

(Glasby, 2000; Frank, 2002; Hein & Koschinsky, 2013; Appendix A).

On an atomic level, dissolved and particulate elements are present in a variety of ionic
species or oxidation states. The state of oxidation, amount of time for which the species
resides in the reservoir (residence time) and the relative abundance of an element, is in
part, governed by their subatomic anatomy and the physiochemical properties of seawater
(Millero, 2010; Chester & Jickells, 2012). In general terms, atomic properties determine the
‘reactivity’ of an element or ion in any given system, controlling the type, rate and
frequency of chemical reactions, which in turn determines how elements are
biogeochemically cycled. In the marine environment, the least reactive or conservative
elements (e.g., Na, Cl, Mg, K and Ca) tend to be more soluble in sea water with longer
residence times (10° years) and are more evenly mixed throughout the oceans. Relatively
reactive elements (e.g., Fe, Mn, Zn, Cu and Pb) tend to be less soluble in seawater and are
easily removed via scavenging processes, such as in the formation of FMNs. As a
consequence, these elements have shorter residence times (days to years) and are unevenly
distributed in seawater (Chester, 2003; Thurman & Trujillo, 2004). In case of the latter,
water masses develop distinct elemental and isotopic signals. As a result, elements (and
their isotopes) with oceanic residence times on the order of, or shorter than, the mixing
time of the oceans (c. 1500 years e.g., Broecker & Peng, 1982) can be used as tracers of
source provenance, weathering style and ocean circulation (e.g., Hf, Nd, Pb) (Frank, 2002;
Goldstein & Hemming, 2003). Table 3.2 presents a list of the elements studied in this
thesis with their oceanic residence times, average concentration in seawater, speciation,
and commonly precipitated compounds (minerals) as well as their vertical profile

(conservative, nutrient, scavenged).

In order to use these elements in reconstructing past deep sea environments, requires
the use of proxies. A proxy is defined here as an element (concentration, ratio, group) or
isotope that can be measured, and is controlled to some degree by a physical, chemical,
biological, climatic or tectonic variable of interest (Calvert & Pederson, 2007; Sarmiento &

Gruber, 2006). Multiple proxies for each studied variable allow for increased confidence in
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Residence Av. Conc.
Element Species Compound Time inthe ocean  Type
(yrs) (---/kg)
Iron Fe* Fe(OH), 200-500 540 pmol N
Manganese Mn** MnO, 60 360 pmol S
Cobalt Co™ co " 340 20 pmol N/S
Cerium ce**ce®™  cecos’ 50-130 5 pmol S
Nickel Ni** Ni** 6000 8.2 nmol N
Barium Ba™* Ba’* 10,000 109 nmol N
Lead Pb** PbCOs 50-100 13pmol S
Copper cu® cu* 5000 2.4 nmol N
Zirconium T Zr(OH) 5600 160 pmol N
Vanadium ¥ H:VOs 50,000 39 nmol (&
Zinc Zn** n** 51,000 5.4nmol N
Molybdenum Mo®* Mo0O.’ 760,000 100 nmol C
Lanthanum La® LaCOs3 650-1600 40 pmol N
Neodymium Nd*>* NdCOs" 400-950 23 pmol N
Arsenic As> HAsO.” 39,000 20 nmol N
Yttrium ) i YCOs5' 51,000 190 pmol N
Niobium Nb>* :Eg(()):))s" Unknown 3.8 pmol N-like
: \ 6
Tungsten we* W0, > 61,000 54 pmol C
Thorium Th** Th(OH), 45 90fmol S
Gadolinium Gd** GdCO5" 450-1100 5.7 pmol N-like
Thallium Tr TICI Unknown 64 pmol C
Samarium Sm>* SmCO;5" 400-1000 3.8 pmol N-like
Dysprosium Dy” DyCO5" 600-1500 6.8 pmol N-like
Antimony Sb>* Sb(OH)s 5,700 1.6 nmol C
Erbium Er* ErCO;5" 2700-6800 7.2 pmol N-like
Ytterbium Yb** YbCO5* 2200 6.9 pmol  N-like
Hafnium HEY Hf(OH)s 1300 710 fmol N-like
Europium Eu®* EuCO5* 300-800 1.1 pmol N-like
BiO®,
Bismuth B> Bi(OH),", Unknown 140 fmol S
Bi(OH)s
Uranium u* U0,(COs)* 400,000 13.4 nmol C
Lutetium Lu®* LaCOs" 6200 1.3 pmol N-like
Cadmium & cdcr’ 50,000 620 pmol  N-like
antalum a a 5 nknown mo -like
Tantal T Ta(OH)s Unk 200 fmol  N-lik

Table 3.2 | Speciation, residence times, average concentration and vertical distribution of studied
elements in seawater. Type refers to element distribution profiles as either N= nutrient, S= scavenged,
C= conservative. Coloured bars refer to the type of compounds formed; purple= hydroxides, green=
chlorides; turquoise= carbonates, orange= oxides; grey=oxyanions, white= free cations. Compiled from:
Bruland (1980, 1994); Broecker & Peng, (1982); Flegal & Patterson (1985); Greaves, et al., (1991); Rue &
Bruland (1995); Johnson, et al., (1996, 1997); Sohrin, et al, (1998); Alibo & Nozaki, (1999), see also

‘Periodic Table of Elements in the Ocean’ http://www.mbari.org/chemsensor/pteo.htm).
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paleoenvironmental reconstructions. However, of the many publications regarding FMNs
(e.g., Burns & Burns, 1977, 1979; Baturin, 1988; Cronan, 1992; Hein, et al., 1997; Glasby,
2000; Frank, et al, 2002), a limited number of paleoceanographic proxies have been
developed and applied (Table 3.3). The majority of these publications have dealt with
distribution, composition and other general characteristics, focusing on major and minor
elements of economic interest (e.g., Mn, Fe, Co, and Ni) and implications for nodule
genesis, rather than elements of paleoceanographic significance. None-the-less, previous
studies have used these elements, their ratios and associations, as proxies for: paleosource
(at the sediment-water interface; Table 3.3; Figure 3.8 (a)) and thus mechanisms of
nodule formation (e.g. Ohta, ef al., 1999; Chandnani, ef al., 2012); for discerning changes
in the vertical transport of elements, i.e., through changes in organic fluxes, the carbonate
compensation depth and depth of the OMZ (e.g. Halbach & Puteanus, 1984; Verlaan, ef
al., 2004; Figure 3.8 (h)), and; changes in ocean circulation (e.g. Mangini, et al, 1990;
Eisenhauer, et al., 1992; McMurtry, et al., 1994). Wen, ef al. (1997) suggested that major
and minor elements are more strongly controlled by local environmental conditions rather
than global basin-wide processes, which were suggested to be recorded by isotopic
compositions and trace element ratios. The latter was demonstrated recently by Lutfi, ef al.
(2011), who illustrated the potential of high field strength element (HFSE) ratios (Zr/Hf

and Nb/Ta) for tracing water masses (Table 3.3; Figure 3.8 (f)).

The majority of paleoceanographic studies have been largely conducted based on
isotopic variations (e.g., Hf, Nd and Pb). This reflects the assumption that element
concentrations in seawater are influenced by a multitude of processes that can complicate
paleoceanographic interpretations. On the other hand, heavy radiogenic isotopes (such as
208ph, 27Ph and 2°Pb) are independent of biological or thermodynamic modifications and
hence their archives are generally easier to unravel, with changes in composition only
occurring by addition from a source region and subsequent mixing via ocean circulation
(Frank, et al, 2002). FMNs and crusts have been shown to preserve a record of past
variations of seawater Pb isotope composition, including; the timing and oceanographic
consequences of the opening of the Drake Passage and closure of the Indonesian gateway

(van de Flierdt, et al, 2004); closure of the Panama gateway (Burton, ef al, 1997;
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Oceanographic Conditions

SOURCE

Local (sediment-water interface)
Regional (New Zealand sediment supply)
Global (the Southern & Global Ocean)
TRANSPORT

Horizontal (ACC-PDWBC)

Water mass mixing, export, circulation
Current speed

Vertical (water column)

Biological productivity

Abyssal Archives o o

Examples of Paleoproxies

Ternary plot [Mn/Fe, Ni-Co-Cu*10]
Pb isotope compositions

Pb isotope compositions

Pb isotope compositions, HFSE

Amount of detritals, microtexture changes

Ba, Cu, Zn

Carbonate compensation depth Mn, Fe, Mn/Fe
Mn, Mo, V, Ni, U, XREE, Ce*, U/Th,
Redox (ocean oxygen)

V/(V+Ni), Ni/Co

SINK

Change in mechanism of formation Macrotexture changes

Scavenging mechanisms Inter-element associations

Table 3.3 | Proxies of Past Ocean Conditions within FMN archives and their implications for nodule
genesis and paleoceanography, sourced from (Halbach & Puteanus, 1984; Glasby, 2000; Frank, 2002;
Koschinsky & Hein, 2003; van de Flierdt, et al., 2004; Soua, 2011; Hein, et al., 2013)

Frank, ef al., 1999), and; varying export of deep water masses to the Southern Ocean
(Frank, et al., 2002; van de Flierdt, ef al., 2004), as well as geographical variations at the
present time (e.g., Abouchami & Goldstein, 1995; Vlastélic, ef al., 2001).

The fundamental theory behind the application of lead isotopes is that they are reactive
in the marine environment and are easily removed via scavenging processes, such as in the
formation of FMNs. As a consequence, Pb has a relatively short residence time of 50-100
years (Schaule & Patterson, 1981; von Blanckenburg & Igel, 1999) resulting in measurable
differences between ocean basins, basin regions, and water masses (Figure 3.8 (e-f)). Thus,
Pb isotopic compositions have been successfully applied as proxies in reconstruct past

circulation patterns. Moreover, despite its very short oceanic residence time, the behaviour
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Figure 3.8 | Chemical archives and their paleoceanographic significance. Examples of chemical

proxies and their uses in reconstructing the paleoenvironment; (a) ternary plot used to discern local

paleosource (Edwards, et al., 2011), (b) mode of FMN formation derived from (a) and evidence from

physical archives (Chang, et al, 2003), (c) regional paleosource and redox conditions using REE,
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(this thesis), (d) discerning potential source rocks (prior to ocean mixing) from Pb-Pb compositions
(Chen, et al., 2013), (e) global sources of elements derived from water mass mixing, using Pb-Pb
compositions (modified from Frank, 2002) and (f) HESE (Lutfi, ef al., 2011), (g) regional environmental
conditions such as redox (Soua, 2011) and (h) carbonate compensation depth (Halbach & Puteanus,

1984).

of oceanic Pb somewhat resembles Sr in resulting from competing continental and
hydrothermal fluxes and can therefore also be used to interpret continental-hydrothermal
source provenance (e.g., Abouchami & Goldstein, 1995; Abouchami & Galer, 1998;
Goldstein & Hemming, 2003; Chen, ef al, 2013; Figure 3.8 (d)). Furthermore, the
weathering regime characteristic at the time of Pb erosion and deposition plays a major
role in determining Pb compositions. In short, radioactive decay of ***U, *°U, and ***Th
yields the three radiogenic isotopes of lead: *Pb, *’Pb, and ***Pb, respectively. In contrast,
%Pb is a stable isotope and used as a reference when calculating isotopic ratios (Faure,
1977). U, Th, and Pb are all incompatible elements, meaning they preferentially
concentrate in early stages of melt processes and as such are generally more enriched in
continental crusts relative to bulk earth. Due to the heterogeneity of crustal rocks and the
different decay rates of U and Th, parent rock compositions of weathered material reflect
distinct isotopic ratios of Pb. Thus, Pb isotopes have the potential to record information on
incongruent weathering as they are fractionated during weathering and erosion of

continental rocks (von Blanckenburg & Nigler, 2001; Fenn, et al., 2013).

The link between seawater Pb isotope compositions (preserved in Fe-Mn crusts) and
inputs of eroded continental material due to global climate change was first noted by
Christensen ef al. (1997) through correlation of Pb compositions with benthic foraminifera
80 records. This was followed by the recognition that glaciation of continental
landmasses had a fundamental effect on the Pb isotope composition of seawater through
the incongruent weathering of silicate rocks preferentially releasing the more labile,
radiogenic Pb fraction as the crystalline structure of a mineral becomes damaged during
radioactive decay, leaving radiogenic daughter isotopes loosely bound and susceptible to
weathering (von Blanckenburg & Nigler, 2001; Frank, 2002). This is clearly demonstrated
by the rise in the radiogenic Pb isotope composition of Fe-Mn crust records from the

North Atlantic over the last 2 Ma (Burton, ef al., 1997; Reynolds, ef al., 1999).
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Conversely, knowledge on tracer elements, their relationships (ratios), and
paleoceanographic significance is still limited (Hein & Koschinsky, 2013). This largely
reflects the assumption that element concentrations in seawater are influenced by a
multitude of processes that can complicate paleoceanographic interpretations. Those
studies utilising tracer elements have predominantly used Rare Earth Elements (REE), in
particular cerium-lanthanum ratios (Ce/La) and Ce anomalies (e.g. Glasby, 1974; Glasby,
et al.,, 1987; Karsten, et al., 1998; Garcia-Solsona, ef al., 2013). Although the REE are a
chemically coherent set of elements, several processes (e.g. adsorption, scavenging etc.)
cause fractionations within this group, which are revealed by shale-normalised REE
patterns and REE ratio timeseries. REE patterns of hydrogenous FMNs, typically display
light REE (LREE; lanthanum to samarium) enrichment relative to heavy REE (HREE; from
europium to lutetium), with a significant positive Ce anomaly (Elderfield, 1988; Byrne &
Kim, 1990; McLennan, 1989; Figure 3.8 (c)). Changes to this ‘ideal’ REE pattern in
addition to REE ratio profiles, can be used as a proxy for paleosource (HREE/LREE; e.g.
Bayon, et al., 2004), water mass mixing (Ce/La; e.g. Karsten, ef al, 1998) and paleoredox
(Ce*; e.g. German & Elderfield, 1990; Nakada, ef al., 2013; Figure 3.8 (c)). The use of other
trace elements as proxies of past ocean conditions, have largely been adapted from their
use in other sedimentary archives (see Pattan, ef al., 2005; Tribovillard, ef al., 2006; Calvert
& Pederson, 2007) and pedology (see Sheldon & Tabor, 2009). For example, redox-
sensitive elements, such as uranium, vanadium and molybdenum, have been used to
characterise the paleoenvironment as oxic (high O,), suboxic or anoxic (low to no O,
respectively) (Galarraga, ef al., 2008; Soua, 2011; Boiteau, ef al., 2012; Figure 3.8 (g)), and
barium, copper and zinc have been used as paleoproductivity proxies (e.g. Calvert &
Pederson, 2007). Additionally, information regarding paleoprecipitation, scavenging
mechanisms and modes of nodule formation (sink; Figure 3.7), can be derived from
element associations, by grouping elements of similar geochemical behaviour (e.g.

Koschinsky & Hein, 2003; Table 3.2).

The latter typically requires the application of sequential leaching techniques in order to
analyse different mineral phases (e.g. Koschinsky & Hein, 2003). Additionally, acid-
reductive leaching of FMNS, crusts and bulk sediment have been considered a reliable way

to extract deep water isotopic composition (e.g., Be, Hf, Nd, Pb) from the authigenic
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component (e.g. Rutberg, ef al., 2000; van de Flierdt, ef al., 2004). However, the majority of
paleoceanographic studies concerning the major, minor and trace element chemistry of
these archives, present discussions based on bulk chemistry (e.g. Karsten, ef al., 1998;
Frank, et al., 1999). Bulk chemical methods concomitantly analyse seawater (authigenic)
and land (detrital) derived FMN components, effectively combining different histories.
Furthermore, the detrital component, although not dominant, has the ability to mask
chemical signals of the authigenic fraction (Chandnani, et al, 2012). In regards to
elemental rather than isotopic studies of these archives, few studies perform the necessary
separation techniques in order to reliably extract the pristine seawater signal (e.g.
Chandnani, ef al, 2012). In this thesis, geochemical analyses of this seawater component

are essential for reconstructing the chemical evolution of the PDWBC.
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4.1 Samples & Sampling

Ten nodule specimens, including U1365B-M, were selected, beryllium isotope dated
("°Be/°Be dating) and chemically analysed continuing the RV Tangaroa cruise to the north-
eastern sector of the Campbell Nodule Field (CNF) in 1999 (Chang, ef al., 2003; Graham,
et al., 2003a; Graham, ef al., 2003b; Figure 4.1; Table 4.1). Nodules were bisected at GNS
Science with a wet circular diamond-encrusted saw and the cross-sectional area sanded
flat. The two hemispheres of each nodule were cleaned with ultra-pure water (Milli-Q
water) until all loose debris had been removed (Ditchburn & Graham, 2003). One nodule
hemisphere remained at GNS Science for sampling and '"Be/’Be dating (Graham et al.,

2003b; Ditchburn & Graham, 2003), whereas the other hemisphere was sent to the Korea

U1365B-1
T-€TvIN

— 50 mm

498 Antipodes \
Islands :

<
>

g [VEZTPAA | ™ U404 Bollons
Campbell 500 U1399 A ™ U1400 Seamount
b 50 mm Plateau

U1365B-2
Z2-990¥1N

+4ODP 1121
51°s

U1365B-3

— 50 mm

T-20v1IN

U1365B-M
V-86€ETN

55°S 174°E

U1373-2
T-86€1IN

hed 50 mm

50 mm

Figure 4.1 | Ferromanganese nodules collected from the north-eastern sector of the Campbell
Nodule Field. FMNs are named according the dredge station (purple box) they were collected from.
FMNs collected from the same station are differentiated by a number or alphabet. The location and

water depth of each dredge station are presented in Table 4.1.
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Nodule Sample Latitude Longitude Depth
start finish start finish (m)

Northern transect

U1413 49°31.110°S 49°32.061°S 178°39.230°E 178°39.590°E 4375-4314
U1406B 50°00.554’S 50°01.964°S 179°56.125’E 179°56.582’E 4520-4475
U1402 50°12.091°S 50°13.204’S 179°54.960’E 179°56.086’E 4400
U1398 50°37.860°S 50°37.491°S 179°59.155’E 179°56.986'E 4495

Southern transect
Ul1365B 52°59.656°S 52°56.734°S 174°56.872°E 174°54.276’E 4619-4560

U1373 53°35.008’S 53°35.366’S 174°41.677’E 174°42.277E 4943-4942

Table 4.1 | Location and depth of ferromanganese nodules collected from the Campbell Nodule

Field for further investigation. Samples selected for further analysis Chang, et al., (2003).

Institute of Geology, Mining and Materials (KIGAM) for petrographic and geochemical
studies (Graham et al, 2003a). FMN hemispheres were sampled based on macroscopic
changes in texture (~4 to 10 cm sample intervals), confirmed using back-scattered electron
(BSE) images (Graham, ef al., 2003a, Graham, ef al., 2003b). Low resolution bulk chemical
analyses were performed on the KIGAM nodule hemisphere using a variety of analytical
techniques (Graham, ef al., 2003a) and '"Be/’Be dating of the seawater component was
performed on the GNS hemisphere, using accelerator mass spectrometry (AMS) and
inductively coupled plasma optical emission spectrometry (ICP-OES) (Graham, et al.,
2003b; Ditchburn & Graham, 2003). The '“Be chronology could not be accurately matched
with the associated geochemical data. As such, U1365B-M was re-sampled at GNS Science
along a new high resolution (~ 1-2 mm) depth profile (Ditchburn & Graham, 2006a).
Splits of the same sample material were used for '"Be/’Be dating at GNS Science
(Ditchburn & Graham, 2006b) and for multi-element and lead (Pb) isotope analyses (this
thesis). A radius line was drawn from the centre of the nucleus (identified by a visible shell
fragment) to the crust of U1365B-M (Figure 4.2 (a)-(e)). A tapered symmetrical segment
was outlined either side of the radius line, using a dremel mini diamond saw. Along this
segment, 5 mm wide and 18 mm deep channels were drilled (Figure 4.2 (b)). Compressed

air was continually blown from the centre toward the rim to minimise dust entering
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crevices and pores. Low pressure settings ensured limited erosion of the softer layers. The
dremel saw was then used to undercut the layer to be removed for sampling, working from
the crust to core, using 1 mm deep rebates to collect sample material (Figure 4.2 (c)). Due
to the variable physical nature of U1365B-M, the dremel saw was only practical for the
outermost part of the nodule. A sharp wood-working chisel replaced the saw to sample the
inner sections (Figure 4.2 (d)). Both methods followed the natural contours of U1365B-M
and where practicable, 1 mm layers were progressively removed along the radius line
(from which all distance measurements were made). Each sample scraping was collected in
a fresh folded paper tray, cut to suit the section being sampled and held in place with PVC
tape (Figure 4.2 (d)). The shell nucleus, surrounded by a dark layer of Fe-Mn oxide
minerals, was not removed in order to maintain a reference point for future re-sampling

(Ditchburn & Graham, 2006a; Figure 4.2 (e)).

50 mm

[ |

50 mm 50 mm
Figure 4.2 | New sampling strategy for FMN U1365B-M. (a) a cross-section through U1365B-M
shows concentric growth rings around the nodule nucleus (white shell fragment) and concentrations of
lighter coloured trapped silica material. Individual growth rings of c¢. 1 mm were sampled from the (b)
tapered segment of the nodule radius by (c) under-cutting layers with a Dremel saw followed by (d) a
wood-working chisel. The nodule core (e) was left intact as a reference for future sampling. Sampling

was conducted by Ditchburn & Graham (2006a) at GNS Science.
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4.3 Isolating the Seawater Component

A number of different digestion procedures, for determining element concentrations and
isotopic compositions in FMNs, have been reported in the literature (e.g. Axelsson, ef al.,
2002; Frank, et al., 2002; van de Flierdt, et al., 2006). In relation to the measurement of
multiple element concentrations, the majority rely on traditional hot-plate bulk digestions
of nodules, dissolving both authigenic and detrital components. The lack of literature
available detailing a simple procedure for the successful separation of authigenic (seawater)
and detrital nodule components and exclusive analysis of the elemental seawater fraction,
required the development of a new separation technique. To establish the most effective
approach, published methods available were examined in detail (e.g., Chester & Hughes,
1967; Tessier, et al., 1979; Aplin & Cronan, 1985; Koschinsky & Halbach, 1995; Axelsson,
et al., 2002; Ditchburn & Graham, 2006b; Gutjahr, et al., 2007; Basak, et al., 2011). Using
Pacitic FMN standard, USGS Nod-P-1, acid leaching procedures were modified and
optimised with respect to: solid/solution ratios, type and concentration of leaching reagent,
reaction time, temperature, and use of an ultra-sonic bath for sample agitation (Appendix
B). The developed technique is illustrated for minor and trace element chemistry in Figure

4.3 and detailed below for all elemental and Pb isotope chemistry.

All ferromanganese material (sample and standard) was dried for 24 hr at 110 °C in an
ultra-clean oven (Figure 4.3 (a)). Once cooled to room temperature ~ 50 mg of FMN
material was weighed into pre-cleaned 23 mL Savillex vials, for minor and trace element
chemistry (Figure 4.3 (b)). [For major and Pb isotope chemistry ~10 mg of material was
weighed into pre-cleaned 1.5 mL micro-centrifuge tubes.] Weighed material was digested
in 5 mL 6M HCI for 60 min (Figure 4.3 (c)) at room temperature, and then agitated in an
ultra-sonic bath for 90 min (Figure 4.3 (d)), requiring a total digestion time of 150 min.
[For major and Pb isotope chemistry, weighed samples were digestion for a total of 60 min
in 1.5 mL 11 M HCI at room temperature.] Once the seawater component had completely
dissolved within the supernatant (aqueous solution) the mixture was quantitatively diluted
by weighing ~13 g of ultra-pure water (>18.2MQ) (Figure 4.3 (e)). [This step was not
required for major and lead chemistry analysis.] For both multi-element and Pb isotope
chemistry, the supernatant (authigenic, seawater component) and suspended ultra-fine
lithogenous fraction (detrital component) were separated by centrifuge for 5 min at 5000

rps (revolutions per second) (Figure 4.3 (f-g)).
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For minor and trace elements, a 1 mL aliquot of the supernatant was transferred into
pre-cleaned, 10 mL centrifuge tubes, and a measured aliquot of the supernatant was then
quantitatively diluted (1:100) with 0.1 M HCI, ready for ICP-MS analysis. The remaining
supernatant was discarded and the residue cleaned by adding ~5 mL ultra-pure water,

gently stirring, centrifuging for 3 min at 5000 rps, discarding ~ 4.5 mL of the solution and

FERROMANGANESE NODULE SAMPLE HEAT AT 110 °C WEIGH FMN
AND (OR) STANDARD FOR 24 HR MATERIAL 50 mg for minor &
trace element
chemistry

10 mg for major
(Fe-Mn) & Pb
isotope chemistry

ADD 5 mL 6M HCI ACID DIGEST AGITATE ADD ~13g WATER CENTRIFUGE
© ] ’ l ’ ©) © I ‘ ® \
brown-black dark green light green bright yellow \
TIME > > > »
acid digest ultra-sonic bath  dilute with ultra-pure centrifuge 5000 rps
60 min 90 min water 5 min
SEAWATER
DETRITAL COMPONENT
 COMPONENT . SEAWATER COMPONENT
0} 0] (h) (@) bright yellow

soluble supernatant

o o o

/

. Y k. VN B T
weigh & record discard supernatant, 1 mL of supernatant DETRITQ_'; COMPONENT
detrital residue  wash residue with ultra-pure grey-white

water and dry at 120 °C insoluble residue

Figure 4.3 | New analytical technique for isolating the seawater component of FMNs. FMNs can
absorb up to 10 % of their weight in water(Smith, 1995), thus samples must be dried (a) before
processing. Once cooled to room temperature FMN samples were weighed (b) followed by sample
digestion in hydrochloric acid (HCI) (c) and ultra-sonic agitation (d). Following a colour change from
brown-black to light green, samples are diluted, turning bright yellow in colour (e), and centrifuged (f)
to physically separate elements liberated from the Fe-Mn sample matrix (in the supernatant) from the
insoluble detrital residue (g). An aliquot of the supernatant is isolated for ICP-MS analysis (preceding
further dilution) whilst the remaining supernatant is discarded (i) and the detrital component separated

and weighed (j).
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repeating three times. The beaker was then placed on a hotplate (120 °C) until any
remaining water had completely evaporated (Figure 4.3 (i)). The remaining residue was
then weighed and recorded to later be used in calculating the weight of the Fe-Mn
component of each sample and standard (Figure 4.3 (j)). For Pb isotope chemistry a ImL
aliquot of the supernatant was transferred into pre-cleaned 3 mL Savillex beakers and for
major chemistry, 0.005 pL of solution was transferred into pre-cleaned 30 mL
polypropylene vials and quantitatively diluted (1:100) in 30 mL of 1% HNOs3, ready for
ICP-MS analysis. Well characterised reference materials and synthetic standards were
required to monitor the overall accuracy and precision of the analytical procedures

developed and are detailed within Appendix B, and the results discussed in Section 4.4.

4.3 Chronologies & Growth Rates

Beryllium dating was performed at the National Isotope Centre GNS Science in 2006 for
U1365B-M as part of this thesis, and initially in 2003 for selected FMNs (Ditchburn &
Graham, 2003, 2006b; Figure 4.4). A chronological framework was established for the
authigenic fraction using cosmogenic '’Be normalised to the dissolved fraction of its stable
isotope *Be ('’Be/’Be). '"Be measurements (at g' [10]°) were made by AMS and stable °Be
(at pg g') by ICP-OES (Ditchburn & Graham, 2006b). Details of sample preparation are
described in Ditchburn & Graham (2003) and are summarised as follows: (1) ~50 mg
aliquots of FMN samples were oven dried at 110°C for 24 hours; (2) samples were crushed
into a fine powder using an agate pestle and mortar; (3) 5 mL 6 M HCl was heated to 65°C
and transferred onto powdered samples; (4) samples were left to stand for 30 minutes to
dissolve the authigenic fraction; (5) a 2 mL aliquot of this supernatant was removed for ’Be
measurements by ICP-OES; (6) the remaining leachate was spiked with ~1 mg of °Be
carrier and purified using hydroxide precipitation of Be(OH) and cation chromatography,
prior to '°Be measurements by AMS; (7) the remaining acid-insoluble detrital material was
washed, dried, weighed and reported as % residue (Appendix C). The mixed *Be carrier
and ""Be from U1365B-M samples were measured as a '°Be/’Be. All '’Be measurements
were normalised using '"Be/’Be SRM 4325 NIST (National Institute of Standards and
Technology) with an assigned '“Be/’Be of 3.06 +0.14 x 10" and half-life
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Figure 4.4 | Original and repeat ’Be/’Be dating of U1365B-M. A cross-sectional view of U1365B-M
displaying: (a) initial sampling and ’Be/°Be dating (yellow rings) across a 108 mm depth-profile (purple
area; Graham, et al., 2003b) and (b) repeat sampling at a higher sample resolution of ~1-2 mm along a
new 95 mm profile (blue area; Ditchburn & Graham, 2006b). Updated '°Be/’Be values derived for each
profile are presented in (c) as a function of depth from crust to core (this thesis). Error bars (20) are

shown when larger than marker.

of 1.51 £0.1 Ma (Middleton et al., 1993; Bhat ef al, 1973). As a known quantity of *Be
carrier was added to each sample aliquot this value was multiplied by the measured ratio to
obtain the number of '"Be atoms present in the sample. The 2 mL aliquot of the
supernatant, removed for *Be measurements, was then converted to °Be atoms and the
natural '“Be/’Be ratio of the sample calculated. However, since these measurements were
made, new concordant publications have re-determined the ratio of the primary standard
(1%Be/°Be of 2.79 + 0.03 x 107 Nishiizumi, ef al., 2007) and half-life of °Be from 1.51 +0.1
Ma (Bhat et al., 1973) to 1.387 £ 0.012 Ma (Korschinek, et al., 2010; Chmeleft, et al., 2010).
AMS measurements of '"Be/’Be were updated through dividing values by the original NIST
SRM 4325 (“Be/’Be; 3.06 + 0.14 x 10") and multiplying by the new NIST SRM 4325
(%Be/’Be; 2.79 + 0.03 x 10''!). From these re-calculations, the difference between old and
updated measurements can be used as a scaling factor to convert between AMS
measurements derived by old and new means, i.e. old measurements can be updated by
multiplying by the scaling factor of 0.91176. This was applied in updating the Southwest
Pacific Ocean (SWPO) '“Be/’Be, from 1.34 +0.03 [107] (Graham, et al, 2003b) to a
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new '"Be/’Be of 1.22 +0.03 [107], and for updating the chronologies and growth rates of
the ten selected FMNs (Figure 4.1), including the original low resolution dating of
U1365B-M (Figure 4.4; Appendix C). Age models were determined for the authigenic

fraction of selected FMNs by using the following age equation:
Age (Ma) = 11’1 (1°Be/9BeMEASURED / 1()Be/gBeswpo) * ‘°Be ths /ln(2)

where '“Be/’Bemeasurep is the revised ratios of each sample, '°Be/*Beswro is the re-calculated
‘initial’ '’Be/’Be for the SWPO (1.22 £ 0.05 [107]) and °Be t% is the new half-life of 1.378
Ma (Korschinek, et al., 2010; Chmeleff, et al., 2010). A record of the insoluble residue,
remaining after acid digestion, was used to calculate relative proportions of authigenic
(acid-soluble) and detrital (acid-insoluble) material, which were used to determine total,

authigenic and detrital growth rates using:
Growth rate (mm/Ma) = sample depth (mm) / age (Ma)

where sample depth (mm) and age (Ma) represents the subtracted values obtained from
the start and end of each sampled shell. Conventional representation of growth rates also
uses sampling mid-points and the associated calculated age. Using the established age-
depth relationships of FMNs, specifically U1365B-M, an age model was assigned to the
macro- and microscopic images. Visible changes in texture were categorised into zones
and correlated to the age model, which were then further investigated using BSE images
(Graham, ef al., 2003a). Both macro- and microscopic images were then used as ‘maps’ to
link key findings of the physical and chemical archives of U1365B-M. Uncertainties (20)
associated with the age model range from +0.15 Ma at the core (due to lower
concentrations of '’Be) to £0.10 Ma at the outer rim, with an average 20 precision of +0.12.
This value incorporates analytical uncertainties associated with measurements of '°Be, °Be
and uncertainties associated with the '°Be half-life (+ 0.01), and the SWPO °Be/’Be (+
0.03). Reproducibility was evaluated by comparing initial '’Be/’Be, determined in 2003
(Ditchburn & Graham, 2003), with those determined in 2006 (Ditchburn & Graham,
2006b), along opposing depth-profiles (Figure 4.4). From the outermost crust to a depth
of c. 11 mm old and new '’Be/’Be ratios yield a percentage difference of <10% and overlap

one another in log space. For the remainder of the nodule the deviation of the repeat
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"Be/’Be from the original values ranges from 10 to 40% difference, most likely a
consequence of sampling along two different nodule radii (Figure 4.4 (a) & (b)).
Concentric growth rings of U1365B-M are of variable width and hence do not cross
nodule radii at the same depth. Overall, the new data is reliable to within * 12 % standard

error (20 precision) and reproducible to within ~20 % of the original data.

Beryllium isotope dating of FMNs can only be successfully applied on nodules younger
than 10-15 Ma. Beyond this range Co-chronometers provide one of the only other means
of dating. As such, they are strongly relied upon in the literature (e.g. Frank, ef al., 1999).
However, recent studies have raised concerns as to the reliability of this method (e.g.
Nielson, ef al., 2011). In order to test the assumptions of Co chronometry, a selection of
Co-chronometers were applied, and a Co-flux model developed, for U1365B-M (see also
Section 3.1). Co age-depth relationships were derived using total, detrital and authigenic
depth-profile data, and the Co flux rate was calculated over the growth history of U1365B-
M. The equation of Halbach, ef al. (1983) was used to calculate the flux (F) of Co:

F=C. G- D (ug cm?ky)

where C, is the element concentration in wt %; G, the growth rate (mm/Ma) and; D the in

situ density (g cm™) of U1365B-M. The in situ density being derived from:
D = ysolid (1-¢)

where ¥ solid is the average authigenic bulk density of U1365B-M (3.54 g cm?®) with bulk
density = mass (6900 g) / volume (975 cm’) and volume = 3/4nr’) and; & the average e
porosity of FMNs (0.51; Halbach, et al, 1975).

4.4 Multi-Flement Chemistry

Multi-element analyses were performed at the Geochemistry Laboratory, School for
Geography, Environment and Earth Sciences, VUW. Sample and standard dilutions were
analysed for: major elements (>10, 000 ppm); minor elements (> 1000 ppm), and trace

elements (< 1000 ppm) using an Agilent 7500CS ICP-MS (Figure 4.5).
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Figure 4.5 | Multi-element analyses performed using ICP-MS. Elements analysed in order of highest
to lowest concentration in U1365-M include; (1) major elements: iron (Fe) and manganese (Mn); (2)
minor elements: cobalt (Co), cerium (Ce), nickel (Ni), barium (Ba), lead (Pb), copper (Cu); (3) trace
elements: zirconium (Zr), vanadium (V), zinc (Zn), molybdenum (Mo), lanthanum (La), neodymium,
(Nd), arsenic (As), yttrium (Y), niobium (Nb), tungsten (W), thorium (Th), gadolinium (Gd), thallium
(T1), samarium (Sm), dysprosium (Dy), antimony (Sb), erbium (Er), ytterbium (Yb), hafnium (Hf),
bismuth (Bi), europium (Eu), uranium (U), lutetium (Lu), cadmium (Cd) and tantalum (Ta), including
chromium (Cr), iridium (Ir) and platinum (Pt) which were discarded during development of the

analytical procedure (see Appendix B; see also Table 3.2).

Typical analytical conditions are summarised in Table 4.2. To remove interfering ions
the ICP-MS was operated in ‘reaction cell mode’ using He gas. On introduction into the
ICP-MS via a peristaltic pump, samples ‘collide’ with the He collision gas which effectively
removes unknown matrix interferences without compromising the multi-element capacity,
requiring matrix- or element-specific optimisation, or requiring interference correction
equations. Prior to sample analysis, the ICP-MS was tuned using an Agilent multi-element

(Li, Y, Ce, Tl, Ca) calibration standard (10 ppb) to achieve low relative standard deviation
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ICP-MS

ICP-MS system
Acquisition mode
Detection mode
Standards

Primary standard
Calibration/bracketing
standard

Blank standard
Analysis method
Background acquisition
Sample/standard acquisition
Washout times

Measured isotopes and
integration times:

Tuning
Tuning standards

Monitored isotopes and
oxides during tuning

Calibration standard
Monitored isotopes during
calibration

Oxides

Carrier gas (Ar)
Reaction cell mode
RF power

RF matching
Sample depth

Minor & Trace Element
Chemistry
Agilent 7500CS
Peak hopping
Pulse and analog (mainly pulse)

USGS Nod-P1
Nod-P1-Trace
Procedural blank (0.1 M HCI)

60 s

90 s

1%t washout 120 s (0.1 M HCI)

2™ washout 60 s (0.1 M HCI)

10 ms: *'V, **Cr, *°Co, *Ni, *Cu,
“Zn, 75AS, 89Y, 9OZI', 93Nb, QSMO,
lllcd’ IZISb’ 137Ba, 139La’ 140CC,
146Nd’ 147Sm, 153Eu’ 157Gd’ 163Dy’
166Er) 172Yb) 175Lu’ 178Hf’ 181Ta’
ISZW, 193Ir’ 195Pt, 205"[‘1, 208Pb, 209Bi,
232Th, 238U

Agilent 10 ppb standard (Li, Co,
Y, Ce, TI)

7Li, 59C0, 89Y, 14°Ce,
156CeQ*/"9Ce (RSD <5%)

205,

Synthetic Nod-P1-Trace standard
SV, %9Co, “Ni, %Cu, %Zn, As,
89Y, 9OZI', 93Nb, 95M0, 111Cd, IZISb,
¥La, °Ce, **Pb (RSD < 5%)

CeO*/Ce* 10 ppb solution < 5%
1.07-1.13 L/min

He gas, 4 mL/min

1500 W

1.68-1.78 V

7 mm

Major Element
Chemistry
Agilent 7500CS
Peak hopping
Pulse and analog (mainly pulse)

USGS Nod-P1
Fe-Mn Nod-P1
Procedural blank (1 % HNOs)

60 s

90 s

1% washout 120 s (1 % HNOs)
2™ washout 60 s (0.5 % HNO;)
10 ms: **Mn, *°Fe, **Ni

Agilent 10 ppb standard (Li, Co,
Y, Ce, Tl)

7Li, 59C0, 89Y, 14°Ce,
156CeO*/"°Ce (RSD <5%)

205,

Synthetic Nod-P1-Trace standard
SIV’ 59C0’ GONi, 63Cu’ 66Zn, 75AS,
89Y, 9OZI’, 93Nb, 95M0, HICd, IZISb,
¥La, 1°Ce, *Pb (RSD < 5%)

CeO*/Ce* 10 ppb solution < 5%
1.07-1.13 L/min

He gas, 4 mL/min

1500 W

1.68-1.78 V

7 mm

Table 4.2| ICP-MS parameters for multi-element analyses of FMN samples. Conditions required for
ICP-MS analysis of major, minor and trace elements, listing parameters selected for the Agilent 7500CS

ICP-MS, standards used, the analysis method and tuning parameters.
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(RSD) and optimize sensitivity (Table 4.2). Oxide generation was monitored using
CeO+/Ce+ ratios (< 2 %). This step was then repeated using synthetic standard Nod-P-
I_Trace, for minor and trace element chemistry and Nod-P-1_Major, for major element
chemistry, in order to calibrate ICP-MS response and monitor drift in measurements (see
Appendix B). Synthetic calibration standards were analysed at the start of each analytical
run and re-measured after every five samples. During minor and trace chemistry,
variations in isotopic abundance and degree of ionisation varied from element to element
and so different concentrations were needed for all elements to fall within the required
range of counts per second (cps), between 100,000 and 1,000,000. For this reason
pulse/analog (P/A) factor was assessed for elements that exceeded 1x10° cps (e.g. Ni, Co,

Cu, Pb).

For minor and trace element analysis (major element analysis in brackets) samples
were then run using a sample-standard bracketing technique analysing: (1) Nod-P1-Trace
(Nod-P1-Major); (2) five (ten) nodule samples; (3) Nod-P1l-Trace (Nod-P1-Major).
Between each sample and standard the ICP-MS was washed out for 120s in 0.1 M HCI (1%
HNO:3), followed by 60s in a separate solution of 0.1 M HCI (0.5% HNO:s), used to measure
background cps. For each batch of samples processed, two procedural blanks, two USGS

Nod-P1 samples and three repeat analyses of samples were also measured.
Data Processing

At the end of an ICP-MS run, the data results were exported in a csv file to Microsoft
Excel. Measurements were reported for each trace metal in counts per second (cps) for
every 0.754 s of solution analysis. In order to convert cps data into concentration values in

parts per million (ppm) the data was processed as follows (see also Appendix B & E):

Major element data were background corrected using 60 s of 1 % HNO; wash. From
creating the synthetic standards using ratios to Ni (Appendix B & E), a similar method
was applied here, using the known Ni concentrations and Fe/Ni and Mn/Ni ratios as an
internal standard to determine concentration data for Fe and Mn. Firstly, following

background corrections, Fe/Ni and Mn/Ni ratios were calculated from the raw cps data.

Chapter 4 Multi-Element Chemistry 53



Data were then normalised to Ni by multiplying the ratios by the sum of: a/b where a = 100
(on average Ni is 100 times lower in concentration compared to Fe and Mn) and b= the
isotopic abundance of either *Fe = 91.754% or Mn = 100% (as Mn is monoisotopic the
abundance for “Ni = 26.223% was used). Standard corrections were then conducted by
multiplying the Fe/Ni and Mn/Ni ratios by the average of the two bracketing Nod-P1-
FeMn2 calibration standards. The Fe/Ni and Mn/Ni ratios and previously determined Ni
concentration for each sample of U1365B-M and Nod-P-1 reference standard, where then
used to calculate Fe and Mn concentrations in ppm by multiplying the Fe/Ni and Mn/Ni
ratios by Ni concentration. The final ppm of Fe and Mn were then derived by dilution

correcting by multiplying by 10, 0000.

Minor and trace element data were background corrected by subtracting the average
value for the 60 s of analysis prior to sample introduction (when the ICP-MS is being
rinsed with 0.1 m HCI) from the average value of the last 90s of sample analysis. Standard
corrections were then conducted by multiplying the background corrected value of
ferromanganese material by the concentration value (ppm) of the analyte in the calibrating
standard of Nod-P1-Trace (Appendix E). This value was then divided by the average of the
two bracketing standards. Digestion and dilution corrections were then made on the
standard corrected values by multiplying: (1) the overall dilution factor, determined by
multiplying the first dilution of 5 mL 11 M HCI with c. 13 g of Milli-Q water (5 + 13) by
the second dilution (1:100), which is then divided by (2) the mass of the Fe-Mn fraction,

calculated from the % residue.
Accuracy & Precision

Once the experimental procedure had been established >30 duplicate analyses were
performed on USGS Nod-P-1 to determine accuracy (reliability) and precision
(reproducibility) for the analytical method (Figure 4.6). Generally, measurements were
reliable to within 5 - 10 % of reference values (Axelsson, et al., 2002) and precise to within
+10 % of two standard deviations (95% confidence limits) of the mean (Appendix B).
Excellent agreement, to within 5% of values reported in Axelsson ef al. were found for 15

elements: As, Y, Mo, Cd, Ba, La, Nd, Sm, Eu, Dy, Er, Yb, T1, Pb and U (out of 29), colour
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coded in Figure 4.6 (blue). An additional seven elements were within 10% of reported
values: Co, Ni, Cu, Zr, Gd, Lu and Th (Figure 4.6; green). Slightly poorer accuracy (results
generally within +20% except for Fe at 25%) was found for: V, Mn, Fe, Zn, Ce, Hf and Bi.
Axelsson ef al. (2002) made a note of poor accuracy between their results and those of the
published ranges for elements Th, Y, Zn, B and As, which may be a consequence of sample
matrix heterogeneity or of the different techniques applied i.e., values higher than would be

expected based on values reported in Axelsson ef al, are likely a result of bulk digestion.

reproducability (% 2 SD) difference to ref. values (% diff.)

4 UL
Th
Bi
Pb
Tl
Hf
Lu
Yb
Er
Dy
Gd
Eu
Sm
Nd
Ce
La
Ba
Cd
Mo
Zr
Y
As
Zn
Cu
Ni
| Co |
| Fe |
Mn
Vv

-30 -20 -10 0 10 20 30
Percentage deviation (%)

Figure 4.6 | Accuracy and precision of multi-element analytical procedure. The reliability of the
technique for each element assessed is illustrated by grey bars and signifies the percentage value of two
standard deviation (%2 SD) based on more than 30 repeated analyses of Nod-P-1 and generally derived
data that was < £10 %. The accuracy of the technique was assessed through calculations of the percentage
difference between those measured for Nod-P-1 and values reported in Axelsson, et al. (2002), illustrated
by the blue bars, which are generally within 5 — 10 %. Data within 5 % accuracy and precision fall within
the blue field and data within 10 % the green field.
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The presence of aluminosilicates can mask the chemical signals of certain elements such as
Ce. As for the lower than expected Fe and Mn concentrations, Axelsson ef al. also make a
point of commenting upon ‘numerous interferences’ when measuring complex matrices
such as FMNs using ICP-SFMS. Additionally, Flanagan & Gottfried (1980) describe a certain

degree of sample heterogeneity for NOD-P-1 (see Appendix B for further information).

4.5 Lead Isotope Chemistry

During major element and Pb isotope sample preparation for analysis, 1 mL of the acid
supernatant was extracted and transferred into pre-cleaned 3 mL Savillex beakers. The
solutions were then evaporated to dryness on a hotplate (c. 120°C), before being converted
to bromide salts by addition and evaporation of 0.5 mL 0.8 M HBr. The solid was then
dissolved in 1 mL 0.8 M HBr, forming negatively charged bromide complexes (PbBr* and
PbBrs*). The solution was fluxed for 24 hr at 120°C on a hotplate before being set aside to

re-equilibrate to room temperature prior to loading on anion exchange columns.
Column Chemistry

Columns where created by converting 1 mL pipette tips into columns. The lower 8 mm of
the pipette tip was cut off and porous polypropylene frits were inserted into the base of the
cut pipette (Figure 4.7 (a)). The columns were then soaked in 6 - 7 M HCI for approximately
one week before use. Prior to loading with resin, columns were washed through three times
with alternating loads of ultra-pure water and 11 M HCI (Figure 4.7 (b)). Analytical grade
BioRad AG 1-X8 anion exchange resin, a quaternary amine anion exchanger resin on a
polystyrene base with a 100 - 200 mesh size, was used to effectively separate Pb from the Fe-
Mn matrix of nodule samples in a single column pass. The AG 1-X8 resin was transferred
into a 125 mL wash bottle. Once the re-suspended resin had settled excess ultra-pure water
was decanted. The resin was then converted to chloride form by soaking in 11 M HCI for 2
hr and then rinsed through three times with ultra-pure water prior to use. The pre-cleaned
Pb columns were loaded with 0.5 - 1 cm (c. 0.2 mL) of resin and cleaned 3 times with
alternating volumes of 6 M HCl and 1 mL of ultra-pure water (Figure 4.7 (c & d). The resin

was stored in ultra-pure water to avoid potential degradation in concentrated HCI.
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In preparation for column chemistry the resin was pre-treated with two reservoirs of 0.8
M HBr (Figure 4.7 (e)). Samples and standards dissolved in 0.8 M HBr were then loaded
onto the columns and the bromide complexes bonded to the AG 1-X8 resin (Figure 4.7 (f)).
One full and two half column loads of 0.8 M HBr were eluted to remove the matrix of the
sample (Figure 4.7 (g)). Pb was collected off the column through substitution of the bromide
complexes with chloride complexes in 3 mL, 7 M HCI (Figure 4.7 (h)). The Pb separate was
then evaporated on a hotplate at 120 “C for 24 hr. One mL of 16 M HNO3 was then added to
convert the Pb bromide salts to nitrates, liberating bromide as Br, gas. The Pb nitrates were
then dissolved in 1 mL 0.5 % HNO; and ¢. 0.003 mL aliquot transferred to an acid cleaned
1.5 mL micro centrifuge tube. Finally, 1.5 mL 0.5 % HNO; was delivered to the micro

centrifuge tube to dilute the Pb samples ready for MC-ICP-MS analysis.
MC-ICP-MS analysis & data processing

MC-ICP-MS analyses of Pb are associated with a series of analytical challenges. Unlike other
radioactive decay systems (e.g. Sr, Nd, Os), Pb only has one non-radioactive isotope (***Pb),
so there is no invariant ratio available to correct for instrument mass bias. Thus, accuracy
and precision of Pb measurements are dependent upon the use of different methods to
correct for mass fractionation during MC-ICP-MS analysis. Several different methods exist:
(1) double-spiking; (2) external element doping, and; (3) sample-standard bracketing. A
sample-standard bracketing approach was adopted in this study. The method involved
correcting for isotopic fractionation by bracketing the measurement of a ferromanganese
sample with analyses of a well characterised standard solution, in this case, SRM 981 Natural
Lead (Appendix D). This approach continuously monitors for mass discrimination for each
individual sample and corrects for mass fractionation by interpolating the mass bias factors

of the standards to the sample following the formula (Albarede et al., 2004):
(Rt)smp: (Rt)std* [(Rm)smp/ (Rm)stdl * (Rm)std2

where Rt and Rm are true and measured isotopic ratios respectively and the subscripts smp
and std refer to the sample and standard respectively. (Rt)std refers to Pb isotopic ratios
reported for NIST SRM981 by Baker ef al. (2004); (1) %Pb/?*Pb= 36.7258, (2) **’Pb/**Pb=
15499 and (3) *“Pb/**Pb= 16.9416. (Rt)stdl and (Rt)std2 are Pb isotopic ratio
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measurements for the two bracketing NIST SRM981 standards. FMN samples and standards
were analysed for Pb isotope compositions **Pb, *’Pb, **Pb and ***Pb using a Nu-Plasma
MC-ICP-MS at VUW. The typical instrument operating conditions are shown in Table 4.3,
however method parameters were systematically varied and tested in order to obtain the
most accurate and precise Pb isotope ratios. The Nu Plasma MC-ICP-MS was coupled to a
DSN-100 Desolvating Nebuliser System for solution mode analysis. Sample solutions were
introduced to the DSN-100 by a 200 pL/min flow glass nebuliser in free aspiration mode.
The nebulised aerosol was sprayed into a heated (110 “C) PFA chamber and maintained in
its gaseous state. The sample vapour then entered a PTFE membrane desolvator module
where a counter current argon sweep gas removed any solvent vapours that permeated the
porous membrane. Non-volatile sample components remained within the membrane walls
and continued into the MC-ICP-MS instrument. Although the DSN-100 was useful for
enhancing sensitivity, longer washout times of ¢. 15 min and the use of isopropyl alcohol
(IPA) solution were necessary due to the large memory effect. The machine was tuned using
a 15 ppb solution of NIST SRM 981 by adjusting operating conditions of the instrument to

optimize analytical sensitivity to 7 - 8 V for ***Pb.

Isotopes were measured simultaneously in static mode using a multi-faraday cup array.
The Faraday collectors were set to detect the following isotopes of Pb simultaneously: **Pb
(H4), 27Pb (H3), 2*Pb (H2) and ?**Pb (Ax). The ion current detected at each collector was
converted to voltages through a 1011 Q resister and the difference in the voltage detected at
each of the collectors was calibrated against the central Faraday by passing a constant electric
current. Data collection consisted of 50 cycles with 4 s integrations per cycle. Sequences
consisted of alternate analyses of standard NIST SRM981 with; (1) USGS Nod-P-1, (2)
U1365B-M nodule samples and (3) procedural blanks. All samples and standards were
introduced in 1% HNO; and two blank measurements of this reagent were performed for
every 20th measurement. All blank measurements displayed insignificant voltages for **Pb

and as a result produced no deviation to the true sample composition.

Prior to the measurement of each block the introduction system was cleaned with: (1)
0.5% HNOs3; (2) PVA solution and; (3) 1% HNOs, each running for 5 min until background

levels of 2®Pb were <5 mV. In addition, baseline data was collected for 60 s during the 5 min
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Instrument configuration & settings

Instrument

Resolution

Rf power

Nebulizer

Sample introduction accessory
Spray chamber

Coolant argon flow rate
Auxiliary argon flow rate
Nebulizer argon flow rate
Instrument tuning

Ion transmission

Scan type

Ion sampling depth
Ion lens setting

Standards

Primary standard
Calibration/bracketing standard
Blank standard

Method parameters

Isotopes considered

Scan type

Mass scanning window
Magnet settle time

Dwell time per measurement
Scan duration per sweep
Number of sweeps

Detector mode

Integration type

Data Collection

Sample uptake and equilibration time

Rinse time between samples

Total time per sample

NU Plasma ICP-MS

Low - 300 (m/Am)

Counting

Standard 6 mm glass nebulizer

DSN-100

Cyclonic

~12.5L min™

1.1 L min*

1.1 L min!

Performed using; (1) 10 ppb multi-element
standard (2) NIST SRM981

Typically 5 - 7 x 10° counts s for 15 ppb *Pb
Fixed magnet with electric scan over small mass
range

Adjusted daily to obtain max signal intensity
Adjusted daily to obtain max signal intensity and
optimum resolution

USGS Nod-P1
NIST SRM981
Procedural blank (1 % HNO)

201Hg, 204Pb’ 206Pb, 207Pb) 208Pb
Magnet fixed at *®Pb, electric scans over other mass
ranges

3%

0.1s

0.001 s

5x0.025s

2000

Counting

Average

50 x 4 s integrations

5-10 min

1% washout 3 — 5 min (0.5 % HNO;)
2" washout 3 - 5 min (PVA)

3 washout 3 - 5 min (1 % HNO3)

15 - 30 min

Table 4.3 | MC-ICP-MS parameters for analysis of Pb isotope compositions from FMN sample.

Conditions required for MC-ICP-MS analysis of Pb isotopic compositions, listing the instrument

configuration and settings selected, standards used, and the analysis method and tuning parameters.
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wash in 1% HNOs;. The baseline response of the machine was deducted from sample
measurements. The concentration of standards and samples were closely matched at 15
ppb which resulted in *®*Pb signals between 5 - 9 V. The standard NIST SRM981 was
measured at the start, middle and end of each sequence and used to monitor quality
control (accuracy and precision) of the sample-standard bracketing approach. In addition
to the isotopes of Pb, *?Hg was measured to allow for correction of the isobaric
interference of ***Hg on **Pb. The contribution of ***Hg to the total ***Pb ion beam was
negligible for all measurements (Table 4.3). During MC-ICP-MS data collection (1 block
of 50 cycles) measurements; **Pb/***Pb, *”Pb/***Pb, **Pb/***Pb and the associated standard
errors, were manually entered in to a Microsoft Excel spreadsheet. Instrumental mass bias
was corrected by external normalisation of sample data to the bracketing NIST SRM 981
standard using the double spike values of Baker ef al. (2004): *®Pb/*™Pb = 36.726,
207Pb/2%Pb = 15.499 and **Pb/**Pb = 16.942, in the above equation.

Accuracy & Precision

In order to assess data quality of the sample-standard bracketing technique, a batch of 14
USGS Nod-P-1 samples were processed and analysed on the MC-ICP-MS for 2%Pb, ’Pb,
205Ph and ***Pb isotopes. The results are presented in Figure 4.8 and tabulated in Appendix
D. Accuracy of analytical measurements recorded for USGS Nod-P-1 were calculated as a
percentage difference by comparing the mean Pb isotopic ratio measurements with the Pb
isotopic values for Nod-P-1 reported by Baker et al. (2004): (i) **Pb/**Pb= 38.697 +0.008;
(ii) 2”Pb/**Pb= 15.638 +0.003 and; (iii) **Pb/***Pb= 18.700 +0.006. Mean Pb isotopic ratio
measurements (this thesis) are displayed in Figure 4.8 (orange line and circular marker) in
addition to the reference values of Baker ef al. (2004) (Figure 4.8; grey squares). On
average, measured isotope ratios are within £0.0003, £0.002 and +0.004 of reference values
at (1) 2Pb/2"Pb = 36.7258, (2) 27Pb/2%Pb = 15.499 and (3) 2Pb/*™Pb = 16.9416, with
percentage differences of 0.001%, 0.012% and 0.026%, respectively (Figure 4.8). Reliability
of the data (% 2 SD) ranged from (1) 2%Pb/**Pb = 0.032%, (2) *’Pb/***Pb = 0.052 % and (3)
206ph/2Phb = 0.061%. The upper calculated (UCL) and lower calculated limits (LCL) of
precision are illustrated in Figure 4.8 by the shaded boxes. Thus, this method generated

reliable (to within 0.012% published values) and reproducible (+0.05% repeat values) data.
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Figure 4.8 | Mc-1CP-MS accuracy and precision of authigenic Pb isotope ratio measurements.
Determined for USGS geochemical reference material Nod-P1. Calculations to determine data accuracy
(% diff.) used Pb isotope compositional data reported in Baker et al. (2004), illustrated by grey markers.
Precision was calculated by determining % 2 s.d. from 14 replica analyses of USGS Nod-P1. The upper and
lower control limits of precision are shown (+ 2 s.d.) by the shaded boxes that are centred about the mean

value for each Pb-Pb composition, the measured mean, displayed by an orange line and circular marker.
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5.1 Chronologies & Growth Rates

The unpublished age-model and growth rates established for U1365B-M by Graham &
Ditchburn (2006b), for this thesis, are presented in Table C.1 (Appendix C). '°Be/’Be
ratios (Figure 5.1(b)), calculated ages (Figure 5.1(c)) and the time-frame over which each
sample was accreted (Figure 5.1(d)), are plotted as a function of depth in Figure 5.1.
'"Be/’Be measurements decrease across the ‘crust to core’ profile (Figure 5.1(a)) from 1.15
+ 0.05 to 0.0022 + 0.0002 (Figure 5.1(b)). Using the age equation, these '’Be/’Be ratios
equate to ages of 0.11 + 0.10 Ma for the outer crust and 12.7 + 0.15 Ma for Fe-Mn
precipitates surrounding the nodule core (Figure 5.1(c)). This provides a late mid Miocene
through recent chronology for U1365B-M. The updated chronology has ages that are c. 8
% lower than the original chronology (Table C.1 and 5.1). In the youngest part of the
nodule, this translates to a very small difference between calculated ages. However, toward

the older sections differences amount to around one million years, as summarised in Table

5.1.
Sections of Depth Original Chronology Revised Chronology Difference Percentage
U1365B-M Profile Be t5 =1.51 Ma VBe t45 =1.39 Ma (old - new) difference
(mm) (Bhat, et al., 1978) (Korschinek, et al., 2010) (% diff.)

Young 0.00 - 1.00 0.12 Ma 0.11 Ma 0.01 8.15

13.5-15.0 4.46 Ma 4.09 Ma 0.36 8.15

Middle 45.0 - 46.0 9.17 Ma 8.42 Ma 0.75 8.14

72.0 -74.0 11.9 Ma 10.9 Ma 0.97 8.14

old 91.0 - 95.0 13.8 Ma 12.7 Ma 1.10 8.13

Table 5.1 | Key differences between original and revised chronologies. Illustrating the differences
between ages calculated for original and revised chronologies, for the young, middle and older segments

of U1365B-M.

The timeframe over which each sample was deposited ranges from 6000 to 700,000 years
with an average of ~230,000 years (Figure 5.1(d)). Between 17 - 33 mm, U1365B-M
exhibits an extremely friable texture preventing micro-sampling. As such this sample spans
16 mm of the depth profile and represents a summary of one million years of ocean

chemistry. Except for between 33 - 17 mm, nodule material was mostly collected at a
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Figure 5.1 | "Be/*Be-depth and age-depth plots of U1365B-M. (a) cross-section cut of U1365B-M, the
depth profile from crust to core (A-B) is scaled with black and white bars each representing 5 mm of
material, (b) is a log-linear plot of '"Be/°Be ratios vs depth, (c) an age-depth plot. Traversing the two
graphs are 13 coloured bars that closely correspond to breaks in the logarithmic line and appear to be
associated with major changes in texture, illustrated by grey perforated lines in (a) and numbered
accordingly. The 13 bars are referred to as ‘growth model segments,” as according to the applied growth
model (see Somayajulu, 2000), the disjointed profile of (a) and (b) are a direct result of a change in
growth rate or hiatus in nodule accretion. (d) Illustrates the time taken for each sample to be deposited

(the sample interval) with an average of c. 230, 000 kyrs, in addition to the growth model segments.
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resolution of 1-2 mm. Thus, variations in the time-span represented by each sample do not
appear to be controlled by sample resolution. As a ‘growth model’ was applied in the
application of beryllium isotope dating (see Somayajulu, 2000; Graham, et al., 2003b), it is
assumed that variable time-frames are a reflection of the episodic growth of U1365B-M. In
plots of "Be/’Be ratios and age versus depth, both parameters display stepped-profiles,
with thirteen segments of equal slope separated by abrupt changes in slope angle and are
numbered 1-13 from the core to crust (Figure 5.1 (b-c)). This disjointed profile is a
common feature of FMNs and according to the growth model, are attributed to changes in
FMN growth rate or hiatus’s in accretion (Glasby, 1978; Somayajulu, 2000). Each of the
thirteen segments of equal slope is therefore assumed to represent different phases of
nodule growth and the boundaries between segments, a change in the depositional

environment. As such they are referred to as ‘growth model segments’ in Figure 5.1.

Boundaries of growth model segments appear to correlate with spikes in sample
intervals (Figure 5.1(d)) at: (i) 81 mm, (ii) 65 mm, (iii) 53 mm, (iv) 11.8 mm and (v) 2.5
mm (see also Section 5.2) and with changes in the internal structure of U1365B-M.
Growth model segments 1-2, 3-5, 6-7, 8 and 9-13 are associated with five distinct changes
in texture, visible with the unaided eye (Figure 5.1(a)), and individual growth segments
with less strongly defined textural changes, confirmed with microscopic texture changes

(see also Section 5.2).

As a means for linking physical & chemical archives, the age model is subdivided based
on the occurrence of growth model segments and textural changes, into a series of time
zones, summarised in Table 5.2. For Zones 1 and 4, disparities exist between observable
changes in texture (physical archive) and the retrievable samples (chemical archive). In the
case of Zone 4, 16 mm of the depth profile is represented by only one sample.
Distinguishable changes in texture occur across these 16 mm of material, but, cannot be
further investigated with chemical compositions due to sampling restrictions. Thus, in
order to provide a reference for both physical and chemical archives Zones 1 and Zone 4
are not subdivided when investigating chemical data, despite their being distinct changes
in texture (Table 5.2; potential physical divisions based on texture are presented in purple

text).
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GNS | mm from crust Mid | Age Model | Growth Model | Time Zones
Sample | Inner Outer Point | Bet’2=1.4 Ma! Segments | Major Zones ! Subzones
Number : (mm) (mm) (mm) : (Ma) : I (Zone Name) : (Zone Name)
27855 | 0.0 1.0 0.50 | 0.11 i . i i Zone 5iv
27856 | 1.0 2.0 1.50 ! 0.26 ! ! | (Outer Rind and Gum)
B T R S R R
27858 | 3.0 4.0 3.50 | 1.13 i i i
27859 | 4.0 50 450 | 1.48 P ! ! Zone i
: : : I Zone 5 : (Outer Banded Zone)
[ i | i (Banded Zone) [
L : ! ! !
P Zone 5ii
| (Central Banded Zone)
Zone 4

(Crumbly Zone)

Zone 3ii
(Outer Compact Zone)

Zone 3
(Compact Zone)

Zone 3i
(Inner Compact Zone)

Zone 2iii
(Outer Iris Zone)

Zone 2 - —

(Iris Zone) [
!
: Zone 2ii
I (Centrallris Zone)
i
S e S
i
I Zone 2i
! (Inner Iris Zone)
i
i
i
: Quter Core
IR ks S SO R
i

Zone 1 |

[ Inner Core

(Core Zone) :
Ly
[ Nucleus

Table 5.2 | Growth model segments and time zones. Growth model segments defined from ‘steps’ in

the ’Be/°Be profile are correlated with distinct changes in nodule texture (see Section 5.2).
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Beryllium Growth Rates

The growth history of U1365B-M, including individual rates for the authigenic and detrital
components, is presented in Table C.1 (Appendix C) and Figure 5.2. Growth rates can be
expressed as the rate of accretion for individual samples (Figure 5.2(a)), or more
conventionally, as a quasi-cumulative growth rate (Figure 5.2(b); calculated following the
methodology of Ditchburn & Graham (2006b)). The latter represents the overall growth
rate of the nodule at a specified depth, whereas the former represents the time taken to
deposit each sample. Both authigenic and detrital growth rates decrease from core to rim
(13 Ma to present) becoming less variable with time. A major shift in the rate of accretion
occurs at ¢. 6 Ma, occurring at the termination of Zone 3 and start of Zone 4, after which
point growth rates are significantly, reduced Figure 5.2(a). The cumulative growth of
U1365B-M is also illustrated in Figure 5.2(a) (green) and clearly differentiates the two
distinct growth regimes: (1) 13 to 6 Ma - whereby U1365B-M accreted over half its total
mass (c. 60 %) during a period characterised by variable and high rates of authigenic and
detrital accretion and, (2) 6 Ma to present - characterised by slower, less variable rates of

authigenic accretion and greatly diminished detrital growth rates Figure 5.2(a).

The overall growth rate of U1365B-M is extremely slow at 7.4 mm/Ma. From c. 13 to 1
Ma the total growth rate decreases from 7.4 to 2.6 mm/Ma and increases significantly from
c. 1 Ma to present, near doubling in speed from 2.6 to 5.7 mm/Ma at 0.3 Ma before
decreasing to 4.4 mm/Ma at 0.1 Ma, approaching the average total growth rate of 5.4
mm/Ma. The time marker at c. 6 Ma is identifiable as marking the initiation of reduced
rates of growth, which are maintained at lower values (c. 4 mm/Ma) for c. 5 Myrs. An
additional marker at c. 1 Ma, between Zone 5iii and Zone 5iv, marks a return to relatively
rapid growth rates (Figure 5.2(b)). Similarly, detrital growth rates decrease from c. 13 to 1
Ma (3 to 0.5 mm/Ma) and double at 0.3 Ma from 0.5 to 1 mm/Ma. The oldest section of
the nodule (Zone 1 to Zone 2ii), displays the highest rates of detrital incorporation (2.5 to
3 mm/Ma) equivalent to 34 — 45% aluminosilicates. These rates were maintained for c. 3
Myrs from c. 13 to 10 Ma. After c. 10 Ma the incorporation of aluminosilicates
progressively decreases by ~0.1 mm/Ma until c. 4 Ma. This trend is interrupted by a pulse

of sedimentation between 7.4 and 6.3 Ma when rates increase from1.3 to 1.5 mm/Ma, 21 to
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29 % aluminosilicates. Between 4 and 1 Ma a small increase in detrital growth rates of ~0.3
mm/Ma occurs (Figure 5.2 (b)). Authigenic growth rates also decrease between c. 13 to 1
Ma (4.8 to 2.2 mm/Ma) and increase at 0.3 Ma (from 2.2 to 4.7 mm/Ma). Additionally,
four major trends can be identified: (1) decreasing rates throughout Zone 1 from 4.7 to 3.7
mm/Ma; (2) relatively consistent growth rates of ~ 3.7 mm/Ma between Zone 2i and Zone
3, with pulses in authigenic accretion to rates of c. 4 mm/Ma occurring between c. 11 to
10.5 Ma, 8 to 7.4 Ma and 6.8 to 6.3 Ma; (3) decreasing accretion rates from Zone 3 to Zone
5iv (6.3 to 1 Ma) from 4 to 2.2 mm/Ma, with slightly increased rates of growth from 4.7 to
3 Ma and; (4) rapid increase in authigenic rates of accretion in the youngest section of the

nodule (Zone 5iv) (Figure 5.2(b)).

Cobalt Chronometry

Data are presented in Table C.2 (Appendix C) as (1) sample data, growth rates and cobalt
concentration profiles; (2) Co flux rates and the results for the published chronometers of
Halbach, et al. (1983) and Manheim (1986); (3) the Co chronometer of Frank, et al. (1999)
and that developed for U1365B-M, in addition to the percentage difference between ages
and growth rates derived from beryllium cosmochronometry and Co chronometry, as a
means of assessing the accuracy of the data derived by using Co. The chronometer of
Halbach et al (1983) yields the most comparable ages and growth rates that are on average
within 20 % of those derived by beryllium cosmochronology with: (i) Co-derived growth
rates yielding an average of 6.2 mm/Ma comparable to 7.8 mm/Ma and (ii) a total age for
U1365B-M at 12.9 Ma, within 0.2 Ma of the '“Be/’Be age of 12.7 Ma (Appendix C). In
contrast, the equation of Manheim (1986) and Frank, ef al. (1999) generate growth rates
that are lower than the beryllium calculated rates by 50% and 60%, respectively. This
results in age models that are far in excess of the Be-age model with core ages for U1365B-

M dated at 31.8 and 35.5 Ma.

In applying the Co-flux model to U1365B-M, '"Be/’Be derived total growth rates were
reversed and plotted with the corresponding Co-concentration profiles in weight percent
(wt%). The logarithmic fit to the data produced ages and growth rates that were

comparable for deriving overall age and growth rates of 13.3 Ma and 7 mm/Ma
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respectively (Appendix C; Table C.2). Thus the results of Co-chronometers are variable
depending on the type of published chronometer used (Halbach, ef al., 1983; Manheim,
19865 Frank, et al., 1999) and (or) the use of Co-flux modelling for individual FMNs (e.g.
the cobalt chronometer developed for U1365B-M) (Appendix C; Table C.2), illustrating
that none of the Co chronometers are able to reproduce the Be-age model and fluctuate

with changes in the Co-flux rate, deriving variable ages for U1365B-M.

5.2 Macroscopic Physical Archives

The physical archives of U1365B-M are the macro- and microscopic changes in internal
structure of the nodule, in addition to changes in the relative proportions of authigenic
and detrital minerals. Macroscopic structures were determined through assessment of the
cross-sectional cut through U1365B-M (Figure 5.3) and original interpretations of
microstructures were determined from the back-scattered electron (BSE) images published
in Graham, ef al. (2003a). Detrital and authigenic proportions were determined from the

detrital residue (% residue) remaining after sample digestion (Appendix C; Table C.2).

U1365B-M is the largest nodule recovered from the Campbell Nodule Field (Chang, et
al., 2003; Graham, et al, 2003a) measuring 24 cm in long diameter, and has a spherical
shape with a smooth surface texture (Figure 5.3). As eluded to when defining zones and
subzones in Section 5.1, U1365B-M displays distinct changes in its internal structure. Five
major concentric zones can be distinguished with the naked eye and are named according
to their textural appearance as: core, iris, compact, crumbly and banded, including what
appears to be a discontinuous erosional unconformity between compact and crumbly
zones (Figure 5.3). Each zone can be further subdivided by subtle texture and colour

changes into a total of eleven time zones illustrated in Figure 5.4 (see also Table 5.2).
Core Zone [12.7 = 11.9 Ma]

The core zone (zone 1) is 18 mm thick, extending from 95 - 77 mm (core to crust) and
forms the base of the depth-profile. The zone comprises of six samples of 2-3 mm

thickness except for the first sample (4 mm thick) surrounding the core. These initial
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layers of Fe-Mn precipitates were deposited over 0.69 Ma and are characterised by the
fastest rates of accretion for the nodule (c. 7 mm/Ma) and have high detrital entrapment of
c. 40 %. The zone is generally lustreless, red-brown in colour and fairly homogenous in
texture exhibiting variable layer thickness (3 - 10 mm thick). There are three
distinguishable physical/textural changes within the zone dividing it into: nucleus, inner
core and outer core, with the boundaries between layers appearing gradational (Figure 5.3

& 5.4).

Iris Zone
Compact Zone
Core Zone

Crumbly Zone

Banded Zone

Figure 5.3 | Major textural zones of U1365B-M. Physical properties such as colour, lustre, texture,
hardness and porosity, were used to divide U1365B-M into five major zones (yellow lines). (a) GNS
segment of U1365B-M, the nodule radii sampled for chemical analyses is highlighted in blue and the
depth profile presented in 5 mm black-white segments for the 95 mm profile. Each of the major zones
has been assigned a descriptive term that summarises the overall texture of the layer, (b) each texture is
magnified in the stacked boxes in order of zone labels: iris, compact, core, crumbly and banded. (c)
Korean half of U1365B-M, displays the profile (pink, labelled A to D) along which back-scattered
electron images were taken (Graham, et al., 2003a), allowing the assessment of microscopic structure.
(d) External morphology and texture of U1365B-M at a smaller scale, displaying a spherical shape and

smooth external surface characteristic of hydrogenous nodules (Glasby, 2000) (see also Section 3.2).
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Depth Age
Nodule Zones Profile (mm) (Ma) Zone Name Zone Colour
o N 95-90 127 Nucleus Black to dark red-brown
c
N () 90 - 80 127-119 Inner Core Dark red-brown
g @ 80-77 119-113 Outer Core Red-brown
&) [Zone 1]
77 - 68 11.3-10.6 Inner Iris Light red-brown
[Zone 2i]
9
o 3 68 - 64 10.6 - 10.0 Central Iris Red-brown
':‘: [Zone 2ii]
2 G 64 - 52 10.0-923 Outer Iris Orange-brown
; [Zone 2iii]
)
= 52 -45 923-842 Inner Compact Black to dark red-brown
N [Zone 3i]
g
o 45-33 842-6.25 Outer Compact Dark red-brown
g [Zone 3ii]
O
33-27 Inner Crumbly Dark-grey
)
c
3 [Zone 4]
> 6.25-5.72
a
E
5 27-20 Outer Crumbly Grey-brown
20-13 5.72-4.09 Inner Banded
[Zone 5i]
o 13-11 4.09 - 2.95 Central Banded Alternating between
o [Zone 5ii] orange-brown layers
s (dull lustre) and
) blue-black layers
2 (metallic lutre)
a 11-2 295-0.26 Outer Banded
[Zone 5iii]
2-0 0.26-0.11 Outer rind & gum
[Zone 5iv]

Figure 5.4 | Major textural zones and subzones of U1365B-M. A visual presentation of the growth
history of the U1365B-M, with the five major zones defined and the progressive development of these
zones illustrated in sequence from core to crust (95 to 0 mm), with the preceding layer shaded white.
Occurrence of subzones along the depth profile, corresponding ages, zone names and colour are also

displayed (see also Table 5.2).
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The nucleus is made up of a white calcareous shell fragment (c. 3 mm thick and 10 mm in
length) that is surrounded by a black rim (c. 4 mm thick) of Mn-oxide minerals. This layer
is coated by inner core deposits (c. 9 mm thick), which are dark red-brown and surrounded
by the outer core which grades to a lighter red-brown. From nucleus to outer core the
progressive lightening of layer colour reflects the increased incorporation of detrital grains
from 35 to 45 %. As the first and last sample points of this zone represent the nucleus and

outer core, respectively, this zone was not subdivided (Table 5.2).
Iris Zone [11.9 — 9.23 Ma]

Surrounding the core zone is the 25 mm thick iris zone (zone 2) that took c. 2 Ma to
deposit with an average growth rate of 6.3 mm/Ma. This layer is orange-brown in colour,
displaying a series of radial spokes that propagate from the surface of the core zone and
radiate outward toward the crust, a textural pattern similar to that of an iris. The ‘spokes’
are darker in colour (blue-black) with a dull-moderate metallic lustre, whereas the
surrounding material is much lighter (yellow-brown), fairly indurated and contains the
largest proportions of detrital material (c. 45 %). The zone is subdivided into an inner
(zone 2i), central (zone 2ii) and outer layer (zone 2iii), based on the concentric rim of
dark-red brown material forming the central iris zone, with gradational boundaries
between subzones (Figure 5.3 & 5.4). The inner iris is generally darker in colour with
more closely spaced radial ‘spokes’ of what appears to be concentrated regions of Fe-Mn
minerals. The subzone mirrors variations in layer thickness seen in the outer core, with the
widest segment (c. 15 mm) occurring above the nucleus and narrowing to c¢. 10 mm
beneath the shell fragment. The outer iris is lighter in colour (orange-brown) and forms a
continuous layer c. 15 mm thick, surrounding the inner iris, with greater proportions of
yellow-brown detritals which peak within this zone to c. 45 %. The boundary between the

outer iris zone and compact zone is relatively sharp, diffuse over < 1 mm.
Compact Zone [9.23 — 6.25 Ma]

The compact zone (zone 3) forms a c. 20 mm thick red-brown layer that was accreted over
the following c. 2 Ma at a reduced rate of 5.4 mm/Ma. The darker colour is most likely

associated with a reduction in detrital contents, from 45 % in the previous zone to an
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average of 30 % within this zone. The zone is weakly banded, with thin concentric (c. 1
mm) seems of blue-black material of metallic lustre. The compact zone is a continuous
layer and is sub-divided into an inner (zone 3i) and outer layer (zone 3ii) based a visible
band of darker material that separates the zone into two equal segments of c. 10 mm
thickness. The boundary between compact and crumby zones at around 35 mm depth
(Figure 5.3 & Figure 5.4) is sharp and forms the most distinctive boundary of the major
nodule zones. In Figure 5.3 (a) and (c), this boundary appears to be an erosional

unconformity and truncates both the compact zone and underlying iris zone.

Crumbly Zone [6.25 — 4.68 Ma]

The crumbly zone is a highly friable 16 mm thick layer that is analysed by only one sample
and represents c¢. 2 Ma of nodule accretion at a rate of 44 mm/Ma. As the layer is
represented by only one sample the age range given for the zone is derived from the ages of
the layers below and above. The layer is characterised by reduced growth and significantly
lower detrital contributions (c. 20 %). The layer forms a fairly continuous zone in regards
to thickness (c. 15 mm) except for above the unconformity where it is, disproportionately
thicker (c. 30 mm). In regards to texture, the zone is highly porous, dull in lustre and
discontinuous, displaying alternating, white-grey detrital and red-brown Fe-Mn banding
(c. 1 mm) to the left of the nucleus, weak banding to a massive texture above the
unconformity and an extremely rough texture to the right of the nucleus. The zone can be
divided into inner and outer zones of roughly equal thickness (c. 10 mm) based on a weak

but definable colour change from dark-grey to grey-brown (Figure 5.3 & Figure 5.4).
Banded Zone [4.68 — 0.11 Ma]

The banded zone is 17 mm thick with the lowest growth rates of c. 3 mm/Ma, except for
the outer rind and gum (crust; 5 mm/Ma). The zone consists of a series of banded
structures with continuous texture, metallic lustre and blue-black colour, which become
progressively narrower toward the crust. The zone contains noticeable radial fractures (c. 1
mm thick) that propagate from the outer crust to the upper boundary of the outer crumbly
zone. The zone is divided into an inner banded zone (zone 5i), central banded zone (zone
5ii), outer banded zone (zone 5iii) and outer rind and gum zone, or crust (zone 5iv) based

on the occurrence of these banded structures (see also Figure 5.4 and Table 5.2).
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5.3 Microscopic Physical Archives

The acumen used for defining the five-zone morphology was confirmed by observations
using BSE images, described in Figure 5.5. As nodule layering does not develop at an equal
thickness about the nucleus, BSE images derived from a different depth-profile along a
separate hemisphere of U1365B-M (Figure 5.3 (c)) could not be directly matched to the
depth-profile sampled for this thesis (Figure 5.3 (a)). As such, microstructures were
correlated with the time zones of U1365B-M by applying a depth-profile to the BSE
images, matching the occurrence of major textural boundaries, identified by Graham, ef al.
(2003a) and utilising photographic evidence of both cross-sectional cuts of U1365B-M
(Figure 5.3 (a) & (c)), in order to trace the occurrence of time zone boundaries through
the nodule. In this way, an assessment of the underlying microstructures comprising each

of the major texture zones could be made.

In general, microstructures grade from mottled to cuspate to columnar to laminated
from core to crust, as the ratio of authigenic to detrital material increases (Figure 5.6).
Detrital components were determined by X-ray Diffractrometry (XRF) (see Graham, ef al.,
2003a) to largely consist of quartz, feldspar, pyroxene, amphibole and mica whilst
authigenic components were dominated by the mineral vernadite (8MnQO,). The large
presence of these aluminosilicates through zones 1 and 2 results in a chaotic mottled
structure with Fe-Mn precipitates showing no direction in precipitation as large angular
detrital grains disrupt their formation. As the presence of these detrital grains decreases
across the outer compact zone (zone 3ii), authigenic to detrital ratios transition to higher
values and grade from cuspate to columnar structure (Figure 5.6). This trend is
interrupted by a pulse in detritus at c. 34 mm, between 6.8 and 6.3 Ma whereby
microstructures briefly return to a chaotic mottled structure. In contrast, periods
characterised by the highest authigenic/detrital ratios: 7.2 (37 mm), 4.1 (15 mm) and 0. Ma
(I mm), show well-developed Fe-Mn oxyhydroxide precipitates. From 4.1 to 3 Ma (12
mm) authigenic/detrital ratios decline rapidly as aluminosilicate incorporation increases to
c. 20 % and is roughly maintained from c. 3 Ma to present (Figure 5.6). Columnar
structures become progressively smaller and closer packed, until they merge into the finely

laminated layers of the outer crust.
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BSE Image Chemical Age

Zones Profile (nm)  Profile (mm) (Ma) Description
0 -
2 0-1 0.11 Finely laminated, micro-columns consists
:_gg: 3‘ 2 1-2 0.26 of densley packed crenulated cuspate
o structures < 0.2 mm.
3 2-3 0.96 )
4 3.4 113 Columnar with cusps ¢. 1 mm length
w 5 4-5 1.48 and 0.5 mm wide with the space between
= >
S 2 5 5.7 1.70 columns filled with mico-laminations of
e g 6 7-8 2.07 Fe-Mn minerals and interstitial detritals.
T Y 4 8-10 2.46 Colmnar structures get smaller toward the
@ 8 10 - 11 2.85 outer rind grading into laminated structures.
11-12 2.95
5 9 12-13 3.43 Laminated Fe-Mn minerals at the base of the
g 10 banded layer, grade into large cuspate
3 columns of ¢. 1-2 mm in length with colmn
g1 13-15 4.09 spaces filled with detrital grains.
12 15-17 4.68
13
From the base of the outer rough zone small
14 (c. 0.5 mm) densley packed cuspate columns
15 grade into a laminated zone ( ¢. 1 mm wide)
2 16 followed by a columnar to massive zone
5 ( c. 2Zmm wide) which is suceeded by a series
- B 1 of 0.5 - 1 mm layers of small densley
5 § 18 packed cuspate columnar structures. Interstital
T2 9 17 - 33 572 detrital grains occur throughout the zone.
e} € The boundary between the banded layer and
= 20 q .
3 outer rough zone is marked by a concentric
v 21 fracture filled with resin, radial fractures are
22 also visible throughout the crumbly zone.
5 23
= o 24 The inner rough zone is composed of cuspate
25 columnar structures so densley packed that
g N 25 they merge into a semi-massive structure.
= 26
27
33-34 6.25 The upper an lower boundary of the outer
% 28 g; . g; '6115 compact zone is marked by an increase in
29 i g column space, in-filled with detrital grains.
g 30 37 - 40 744 The zone is composed of cuspate columns of
£ 40 - 41 7.72 . A "
§ 31 41 - 42 7.93 c. 0.5 - 1 mm height by 0.5 width which
T 2 42 - 43 8.08 become thinner (c. 0.3 mm) and longer
5 © 32 43 - 44 8.23 (1-1.5 mm) toward the upper boundary. A
g 33 44 - 45 8.35 concentric fracture segregates the zone
g 34 45 - 46 8.42 ; ; ;
E - The inner compact zone consists of thin
S g 35 3_61 :g ggg (c. 0.1 mm) densely packed cuspate columnar
§ 36 48 - 49 8:77 structures (< 0.5 mm) which become longer
S 37 49 - 50 8.84 (c. 1 mm) after the concentric fracture. The
8 50 - 51 8.89 lower boundary between the inner compact
g 38 51-52 8.94 and outer iris zones is marked by a sharp
- 39 irregular unconformity
40
a1 52 -53 9.23
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7 BSE Image Chemical Age D ioti
ones Profile (mm) Profile (mm) (Ma) escription
41 2o TR
. T C 1
42 ‘ J
43 Y 4 The outer iris zone contains high concentra-
tions of detrital grains some of which have
44 53 - 54 9.27 been coated by a thin layer (< 0.1 mm) of
45 54 - 55 9.28 Fe-Mn minerals. From ¢. 40 mm - 48 mm
46 5556 938 mlcro_structures are mottled |IIu5tra'f|ng a
56 - 57 9.49 choatic growth pattern around detrital grains
47 B : (<1-1 mm) with large, roughly spherical, pore
. 48 57 - 58 9.52 spaces (c. 0.5 mm) present.
= 49 58 - 60 9.67
§ 60 - 61 9.80 From 48 - 58 mm, material composing the
30 61 - 63 9.81 lighter and darker ‘radial spokes’ of the iris
51 63 - 64 9.98 zone are visible. Lighter material visible in
52 64 - 65 1035  Figure 5.1 is composed of clay and detrital
53 65 - 66 1047  grains (dark grey) whilst darker material in 5.1
66 - 67 10.57 is composed of Fe-Mn minerals visible by its
>4 67 - 68 10.58 high reflectance. The Fe-Mn minerlas display
55 columnar- cuspate structures that grade into
& 56 dendritic structures as clay contnet increases
EI 57 toward the upper boundary of the zone
»
= 58
59
60
61
62
63 The inner iris zone contains mottled micro-
structures that grade from (73 - 58 mm) a
:‘§ 64 68 - 69 10.59 chaotic aggregate of: non-directional, densley
2 65 69 -72 1071 inter-grown Fe-Mn minerals, with fine-grained
= 72-74 10.93 01 . itial detritus i lobul
66 74 - 76 1129 (< 0.1 mm) interstitial detritus into a globular
- 76 - 78 11'59 aggregate of: semi-directional, dispersed
6 : Fe-Mn growths of small (c. 0.3 mm) cuspate
68 column structures.
69
70
71
72
73
74
75 The outer core zone displays mottled micro-
76 structures of a chaotic nature. Fe-Mn minerals
77 show multiple growth directions, with small-
o medium (c. 0.5 mm) cuspate columns densley
S 78 packed and displaying a larger mm scale
g 79 78 - 80 1193 dendtritic pattern. Large and multiple pore
= S g0 spaces (0.5 - 1 mm) are present with almost
R 81 even percentages of extremely fine-grained
g detrital material (dark grey) and authigenic
O 82 Fe-Mn precipitates
83
84
85
@ 80 - 82 11.95
S 11 82 - 85 12.28
2 85 - 88 12.46
= 88-91 12.63
§ 12 91 - 95 12.66
=z
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Figure 5.5 | Microstructures of U1365B-M. The microstructures of Fe-Mn precipitates are illustrated
for the selected radii along which BSE imaging was performed (Graham, ef al, 2003a) illustrated in
Figure 5.1 (c). Zones A-D are defined and divided into the five major zones (yellow), eleven (or twelve)
subzones including the subdivision of the nucleus (blue) and further significant changes in structure
(purple). The subzones have been labelled from crust to core for ease of reference as not all subzones
were easily traceable and thus have been simplified. Such as the iris zone, which has been divided into an
inner and outer section and the banded zone has been simplified by combining the inner and central

banded zones (banded) and to differentiate the outer banded zone has been referred to as crustal.
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Depth (mm)
Subzone ages
®@® 127-119Ma Figure 5.6 | Depth-time series of macrotextures, microscopic
® @® 119-106Ma structures and authigenic-detrital components. Macrotextures
® ® 106-100Ma of U1365B-M are illustrated along the x-axis and the percentage
® ® 100-923Ma detrital and authigenic/detrital ratios are plotted verses depth.
® @ 923-842Ma The general trends exhibited by microstructures from core to
8.42 - 6.25 Ma crust are annotated. Each of the major and subzones are
® 6.25-468Ma displayed and the data points colour coded according to their
4.68 - 0.00 Ma associated zones and the age ranges are provided.
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5.4 Chemical Archive Overview

Major element chemistry was gathered to derive concentration data on Fe and Mn, as they
form the fundamental building-blocks of ferromanganese minerals, comprising the
authigenic fraction of U1365B-M (Figure 5.5 & 5.6). Tracer elements are enriched within
these authigenic precipitates at varying concentrations. The principal elements scavenged
to concentrations of 10,000 to 1000 ppm, are classified here as minor elements, and
include: cobalt [Co], cerium [Ce], nickel [Ni], barium [Ba], lead [Pb] and copper [Cu].
Elements at concentrations below 1000 ppm have been classified as trace elements and

include:

*  Yttrium and Rare Earth Elements (YREE); yttrium [Y], lanthanum [La],
neodymium [Nd], samarium [Sm], europium [Eu], gadolinium [Gd], dysprosium
[Dy], erbium [Er], ytterbium [Yb], lutetium [Lu],

*  High Field Strength Elements (HFSE); zirconium [Zr], niobium [Nb], hafnium [Hf],
tantalum [Ta]

* uranium decay series elements; uranium [U], thorium [Th]

*  semi-metals; arsenic [As], antimony [Sb], bismuth [Bi] and

* and the remaining transition elements; vanadium [V], zinc [Zn], molybdenum

[Mo], tungsten [W], thallium [T1], and cadmium [Cd] (see also Figure 4.6).

A composite of all elemental and Pb isotopic data are presented in Table F.1 (Appendix
F) and Table F.2 has been modified to illustrate the general trends of element and Pb
isotopic compositions throughout the history of U1365B-M by assigning colours to
highlight: rising, falling, minima and maximum in element concentrations and Pb isotopic
compositions. Apparent from these general trends is that each time zone of U1365B-M
exhibits characteristic changes in its overall chemical content and that certain elements
appear to display similar geochemical behaviour. Additionally, chemical archives are
presented as: (i) depth-time series, to highlight trends throughout the growth history of
U1365B-M whilst linking these changes to physical archives; and as (binary (and ternary)

plots, and time series within the body of the discussion.
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Average element concentrations measured for U1365B-M are compared to chemical
data from the preliminary, low resolution, analyses of Campbell nodules (Graham, et al,
2003a) in Figure 5.7 and Figure E.1 (Appendix E). These data are highly comparable
however, chemical data derived for this thesis are generally higher than those derived by
the bulk digestion methods of Graham ef al. (2003a). There are five noticeable differences
between the chemical data: Co, Ce and Pb are reported at higher values for this thesis
(2395 - 6171 ppm, 1140 - 2084 ppm, 1203 - 1883 ppm respectively) than for Campbell
nodules (1215 - 2726 ppm, 746 -1302 ppm, 376 — 578 ppm, respectively); whereas Mn and
Ni are reported at lower values for this thesis (Mn 7.5 - 21.7 wt% and Ni 878 - 6683 ppm)
than for Campbell nodules (Mn 16 - 57 wt% and Ni 1303 - 5029 ppm). These differences
may be related to the methods of sample digestion, however the average Campbell nodule
compositions include those of diagenetic nodules which are known to contain higher

concentrations of Mn and Ni (e.g., Glasby, 2000).
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Figure 5.7 | Authigenic chemistry of U1365B-M and bulk chemistry of Campbell Nodules Average
multi-element concentration data measured for U1365B-M are plotted with the average concentration
of elements reported for chemical analyses performed on selected FMNs from the Campbell Plateau (see

Graham, et al. (2003a).
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General Trends in Element and Lead Isotope Chemistry

From 12.7 to 11.9 Ma, across the core zone, the majority of elements studied increase in
concentration peaking at the boundary between the inner and outer core (at 12.3 Ma), in
association with decreasing growth rates and increasing aluminosilicate incorporation
(Table F.1; Appendix F). Certain elements reach their highest concentrations for U1365B-
M growth history at this boundary: Ba (2316 ppm), Pb (1896 ppm), Zr (1168 ppm), Zn
(791 ppm), Th (135 ppm), Hf (23.6 ppm), Bi (16.7 ppm) and Lu (3.95 ppm). Elements that
differ are Mo, which mimics the trends of Fe and Mn (displaying small fluctuations in ppm
with a low (Mo 300 ppm) at the outer core boundary), and Ni, Tl and Cd which have their
lowest concentrations at 12.6 Ma (881, 15.0 2.08 ppm, respectively). Additionally, Th, Hf
and Bi differ from the trends of other elements, displaying a characteristic peak-trough-
peak in ppm (see Table F.2). Through the outer core (11.95 Ma) all elements decrease or
display a low in concentration in association with a peak in total and authigenic growth

rates and high detrital contributions (44 %).

From 11.9 to 10.6 Ma, across the inner iris zone (zone 2i), elements display a much
wider range in their general trends. The physical archives reveal that microstructures grade
into less chaotic mottled structures as the amount of detrital entrapment decreases from a
peak at 11.9 Ma (45 %) to a low at the termination of the zone (39 %), still remaining
within a high detritus zone (Figure 5.6). Additionally, authigenic growth rates increase
from 3.7 to 4.0 mm/Ma. Elements displaying similar trends to authigenic growth rates
(increasing) are: Fe, Mn, Ni, Nb, Th, Tl, and Pb isotopic compositions, and elements
comparable to detritus (decreasing) are: Co, Ce, Ba, Pb, Cu, Zr, V and Zn. A number of
these elements reach their absolute minim+.ov sarasite-gier swhihim T st N 8.
and 11.3 Ma: Pb, V, As, Nd, Sm, Dy, Er, Yb, Eu and U. Succeeding these chemical lows,
most elements show consistent trends, increasing in concentration at 10.7 Ma (except for:
Cu, Sb and Ta), accompanying a rise in authigenic growth rate and low in **’Pb/***Pb and
208ph/2%Pb compositions. At the end of the zone (10.6 Ma) most elements decrease (except

for Mn, Co, Ce, Ni, Sb and Ta), consistent with a decrease in total, authigenic and detrital

growth rates (Table F.2).
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From 10.6 to 10 Ma, across the central iris zone (zone 2 ii), Fe-Mn precipitates are
governed by decreasing growth rates and grade from a mottled to a more cuspate like
structure but remain non-directional as the amount of detritus remains high at c. 43 %
(Figure 5.6). The chemical contents of these precipitates display a great deal of coherency,
rising in content to peak at 10.57 Ma, succeeded by a low at 10.5 Ma (Co and Mo record
their lowest values), and return to higher values at 10.0 Ma, where Pb isotopes are at their
most radiogenic. The peak and low in contents correlate with a pulse in detritus, (from 41
and 45 %). Exceptions are: (i) Fe and Mn, which decrease to the end of the zone (with a
Mn minima at 10 Ma); (ii) Co and Ni, which decrease to a low at 10.5 Ma, and; (iii) Ba, Pb,

W, Th, Sb, Hf, Bi, U and Ta, which decrease from a peak at 10.5 Ma to the end of the zone.

From 10 to 9.23 Ma, the outer iris zone (zone 2 iii) appears to be a zone of transition,
with almost all elements displaying a unified trend, with contents decreasing to a low
between 9.67 and 9.80 Ma before continuing to increase throughout the zone to 9.23 Ma.
Co, Ce, V, Mo, As, Tl and Cd, increase throughout the zone, whilst; Fe, Mn and Ta show
greater variability, Ni and Cu show a reversed trend, and Th decreases throughout the
zone. High detrital contents are reported between 10.0 and 9.38 Ma (c. 45 %), results in
the lowest authigenic/detrital ratio, at 9.8 Ma, and low authigenic growth rates until 9.38
Ma when detritals decrease, eliminating interrupts to Fe-Mn microstructures, which have

returned to a chaotic mottled structure in this high detrital zone (Figure 5.5 & 5.6).

From 9.23 to 8.42 Ma, the inner compact zone (zone 3i) continues the trends exhibited
in the previous zone with the majority of elements increasing to a peak at 8.6 Ma and
decreasing thereafter. Nd, As, Y, Sm, Dy, Sb, Er, Yb, Hf, Eu, U and Ta all show their
highest contents between 8.6 and 8.7 Ma. Fe, Mn, Ba (minimum value), Pb, Th and Bi
display lows in concentration at 8.5 Ma. Conversely, Pb compositions are variable
throughout this period, generally displaying low values with peaks at 8.8 and 8.5 Ma and
the lowest *®Pb/**Pb at the end of the zone c. 8.4 Ma. Detrital contents continue to
decrease from c. 9.3 Ma to the next zone (43 to 34 %). Conversely, authigenic growth rates
increase from 3.4 to 3.6 mm/Ma, reflected in rising authigenic/detrital ratios and the

development of cuspate columnar structures.

Over the outer compact zone (zone 3ii: 8.4 to 6.3 Ma) elements generally display three

trends: (1) decreasing concentrations; Ce, Cu, Zr, Zn, Hf, with the latter three elements
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displaying the same behaviour, (2) decreasing concentrations of a cyclical nature, with
peaks at 7.9, 8.4, 7.2 and 6.3 Ma; V, La, Nd, Y, Gd, Sm, Dy, Er, Yb, Lu, (3) increasing
concentrations, Mn, Mo, W (highest at 7.2 Ma), (4) increasing contents of a cyclical
nature, displaying peaks in concentration as those aforementioned; Ba, Bi, 2’Pb/**Pb and
208Ph/2%Pb and, (5) variable changes in concentration, with certain groups of elements
displaying comparable trends: Co - Ni (highest Co contents at 6.8 Ma), Tl - Cd (lowest
values at 8.2 Ma). Additionally, from c. 8.5 Ma of Zone 3ii (inner compact zone) Fe and
Mn contents vary anti-synchronously. The cyclical nature of element variability (mostly V
and REY), began at around c. 8.7 Ma and appears to correlate with a change from cuspate
to columnar structures across the compact zone, as detrital contributions continue to
decrease and the authigenic component becomes more dominant. Additionally,

macrostructures reveal the development of weak banding within this zone.

After the decrease in chemical content associated with Zone 4 between 6.3 and 4.7 Ma,
the cyclical variability of chemical content becomes more apparent for a greater number of
elements throughout the banded zone (zone 5: 4.7 to 0.1 Ma). With almost all elements
increasing at c. 4.7 Ma (except for Co, Ni, Cu, Nb, Hf, Bi), decreasing at c. 4 Ma (except for
Pb, Zn and Bi) and peaking in concentration at c. 3 Ma (except for Fe and Mn) with Ce, La,
Nd, As and Gd reaching their highest concentrations. Maximum contents for Fe and Mn
are reached at 2.5 Ma. The majority of elements then tend to decrease in concentration at 2
Ma, before rising to a peak again at 1.5 Ma (where U reaches its highest concentrations)
and at c. 1 Ma, where Ni, Cu, Mo, Tl, and Cd reach their highest values and *Pb/***Pb and
27Pb/**Pb their most unradiogenic compositions. From c. 0.3 Ma to present element
concentrations tend to decrease with Fe, Ce, Ba, Zr, La, Y, Nb, W Gd, Sm, Er, Yb, Hf, Bi

and Lu reaching their lowest concentrations.
Inter-element Associations

Evident from the trends in chemical content is that certain groups of elements behave
similarly. To establish inter-element relationships, calculations of Pearson’s product-
moment correlation coefficients for all potential element pairs, and hierarchal cluster
analyses of these coefficients were performed. The resulting correlation matrix and cluster
hierarchy are presented in Figure 5.8 and an enlarged version of the correlation matrix in

Table F.3 (Appendix F).
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In addition to the 34 elements analysed, data for °Be (Ditchburn & Graham, 2006b), was
included as an indication of authigenic contributions from terrigenous sediments.
According to Figure 5.8, elements in U1365B-M can be grossly split into three major
clusters of elements. Within each cluster elements that have greater than 70 % similarity
have been grouped together, illustrated by the six groups of elements. Furthermore, within
each group there are pairs and suites of elements that show > 80 % and > 90 % similarity in
their chemical profiles e.g. Pb, La-Gd-Dy-Nd-Sm-Eu as a suite and Ni-Cd as a pair.
Elements with < 70 % similarity with other elements are U, Nd, Fe, Bi and Ba. In addition
to clearly illustrating the cluster of elements, the correlation matrix also identifies elements
that behave anti-synchronously (-ve Pearson’s r), such as Ce with Ni-Cd and group 3
elements with group 5-6 elements. Based on these geochemical associations and the degree
of element enrichment within U1365B-M the chemical archives are further discussed in
terms of: (a) major element chemistry; (b) minor & trace element chemistry, whereby the
most enriched elements of each group 1- 5 are taken as being representative and their

profiles described, and; (c) Lead isotope chemistry.

5.5 Major Element Chemistry

Figure 5.9 illustrates variations in Fe-Mn contents and Mn/Fe ratios throughout U1365B-
M’s growth history. Overall, Mn contents rise from the core to the crust (7,500 to 21,700
ppm) and Fe contents decline (31,700 to 16,900 ppm). This is reflected in the overall

increase of the Mn/Fe ratio (0.4 to 1.2).

Fe-Mn Chemistry

The Mn-profile displays two major trends. The first, from 95 - 64 mm (zones 1 through
2ii; 12.7 to 10 Ma) and the second, 64 mm - 0.0 mm (10 Ma to 0.1 Ma). The first trend
shows highly variable Mn contents that oscillate by ~ 50,000 ppm every c. 1.3 Ma. Over
zone 2ii concentrations level-off and then drop steeply down to the lowest concentration
recorded (64 mm; 7490 ppm). The Mn minimum, at 10 Ma, is a time marker of change.
Past this point Mn contents are characterised by the second trend, a progressive increase in
Mn contents to a maxima at 2.5 Ma (Zone 5iii; 21,700 ppm). Superimposed on this long-

term trend are four additional micro-trends roughly corresponding with zone boundaries:
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Figure 5.9 | Major element chemistry of U1365B-M. Concentrations of Fe and Mn across the depth
profile of U1365B-M are shown in addition to the colour coded time-series for each of the samples
representing key subzones with zones 1-5 forming the graph header. The highest and lowest
concentrations are encircled in purple for Mn and orange for Fe. The Mn/Fe ratio is also displayed and

its unique profile annotated.
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(1) zones 2iii & 3i (9.8 to 8.5 Ma) consist of a series of gently slanted plateaux of sustained
concentration (vary by ~ 300 ppm), separated by sudden changes in concentration of
~1000 ppm which display a crudely rhythmic cyclicity of ~ 300,000 kyrs; (2) zones 3i & 3ii
(8.5 to 6.3 Ma) show a gradual ~ 5000 ppm rise in Mn-content to a peak at 6.8 Ma (34.5
mm; 17,200 ppm); (3) zones 3ii & 5i (6.8 to 4.1 Ma) display a sustained decline in
concentrations of 3000 ppm over c. 3 Ma, and; (4) zone 5 (4.7 Ma to present), exhibits a
rise in concentrations to ~ 21,000 ppm at 1 Ma, with the Mn maximum occurring as an

abrupt spike in the record.

On the other hand, the Fe-profile displays three major trends. The first, from 95 - 64
mm (Zones 1 to 2ii; 12.7 to 10 Ma), the second, from 64 - 46.5 mm (Zones 2ii to 3i; 10 Ma
to 8.5 Ma) and the third from 46.5 to 0.0 mm (Zone 3i through Zone 5; 8.5 Ma to 0.1 Ma).
The first trend shows variations that are synchronous to changes in Mn, but at higher
concentrations of Fe (20,660 ppm to 31,660 ppm). The zone also shows greater variability,
oscillating by ~10,000 ppm between adjacent peaks and troughs of ~ 0.3 Ma duration. This
period (in addition to Zone 5iv) contains both the highest and lowest concentrations of the
record. One of two Fe maxima, occur at 70.5 mm (10.7 Ma; 31,700 ppm) and of Fe minima
(63.5 mm; 18,200 ppm) at the 10 Ma time marker, coincident with the Mn-minima. The
second trend appears to display a magnification of those explained for Mn contents except
at higher concentrations and variability. The third trend is a long-term decrease in Fe
content, from ~ 27,000 ppm at 43.5 mm (8.4 Ma; 16,900 ppm) to the second Fe minima of
16,900 ppm, within the outer 10 mm of crust (Zone 5iv; 2.5 to 0.1 Ma). As seen in the Mn-
profile, a sudden pulse in Fe content also occurs at 2.5 Ma (29 mm; 31,900 ppm),

disrupting the long term trends.

The Mn/Fe Value

Mn/Fe are lowest at the nodule core (Mn/Fe = 0.2) and highest between zone 5iii and zone
5iv at 1 Ma (Mn/Fe = 1.2). The increase in Mn/Fe from core to crust occurs through a
series of stages, consisting of abrupt and relatively rapid transitions (zone 3 and zone 5iv)
with intervening periods of longer chemical stability (zones 1 & 2 and zones 4 & 5i-iii).

Evolution of the Mn/Fe is periodic, with chemical plateaux being sustained for 5-6 Ma
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and characterised by a restricted range in Mn/Fe ratios, whereas transitions take c. 1 Ma to
establish a ‘new’ elevated Mn/Fe ratio, increasing by c. 0.3 (Figure 5.9). Mn-Fe chemistry
of the plateaux, show simultaneous variations in concentrations of comparable magnitude.
In contrast, during transitional stages, variations in Mn and Fe ppm are asynchronous,

with pulses in Mn content coincident with a decrease in Fe.

The results of major element chemistry are consistent with FMNs of the Campbell
Nodule Field. Average values of Fe, Mn, Mn/Fe, in addition to a summary of the
authigenic and detrital chemistry are illustrated in Figure 5.10. Nodule U1365B-M falls
within average values generated from the field, despite the bulk chemical data used for
comparison (Graham, et al, 2003a), with the larger nodules (U1406B-2, U1402-1 and
U1365B-M) generally displaying lower Mn/Fe. Furthermore, Fe-Mn data are within ranges
previously reported for the FMNs of the Southwest Pacific with Mn contents ranging from
8,000 to 22,000 ppm, Fe from 10,000 to 30,000 ppm and Mn/Fe ratios of unity

(Summerhayes, 1977; Glasby & Summerhayes, 1979; Mangini, et al., 1990; Glasby, 2000).
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Graham, et al. (2003a)
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5.6 Minor & Trace Element Chemistry

Figure 5.11 illustrates variations in the concentration of the minor elements, each being
representative of the associated elements within that group: nickel [Group 1], cobalt
[Group 2], copper [Group 3], cerium [Group 4], lead [Group 4] and barium [associated
with Group 6]. However group 5 elements are represented by Fe, and thus been described
in the previous section. Elements are displayed as time-depth series, with concentrations

plotted versus depth and the depth profile visible, to link physical and chemical archives.

Opverall, Ba, Pb and Ce display high concentrations in zone 1 and rapidly decline over
Zones 2 i and 2 ii to mid-way between zone 2 iii, where concentrations reach a low at c. 61
mm (9.80 Ma). From 9.8 to c. 6.3 Ma concentrations rise to a broad peak for Pb spanning
zone 3, with concentrations peaking at 8.4 Ma for Ce and Ba. Ce and Ba then continue to
decline in concentrations to zone 4 before rising to a peak at 3 Ma and rapidly declining in

concentration thereafter.

As for Co, Cu and Ni, their concentrations profiles are very different. Ni displays
extremely low concentrations from 13 to 3 Ma (c. 12 mm) when concentrations spike 8-
fold in concentration. From 3 - 0 Ma Cu also displays this trend. However, from 13 to 3
Ma the Cu profile bears similarity to percentage detrital (Figure 5.6). Co concentrations
generally show three trends: (1) a Co-poor zone (12.7 to 7.4 Ma) - characterised by low Co
concentrations between 2400 and 4000 ppm with an average, (2) a transition zone (7.4 to
6.3 Ma) - where Co concentrations and Co-fluxes rise from 3000 to 6200 ppm in
association with a lowering in the growth rate and; (3) a Co-rich zone (6.3 to 0.1 Ma) -

with ~ 6000 to 4000 ppm Co.

Interestingly, Co-Cu-Ni decrease at c¢. 25 mm, corresponding to the 6 Ma time marker
after which growth rates decline. However, from c. 4 Ma, Ni and Cu synchronously
increase, spiking at c. 1 Ma. Co on the other hand decreases, cyclically fluctuating every c. 1
Ma. Conversely, Ba, Pb and Ce increase part way through zone 4, reaching a third peak at
¢. 3 Ma and declining roughly thereafter. The similarity of these element profiles (and the

slight deviations), supports their being within the same or proximate clusters (Figure 5.8).
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Figure 5.11 | Minor element depth-time series for U1365B-M. The depth-time profiles are presented
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group. Key subzone ages are colour coded for barium and cobalt, and thus provide a time-series for the

other elements.
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5.7 Lead Isotope Chemistry

Pb isotopic compositions of *Pb/**Pb, *’Pb/**Pb and 2*Pb/**Pb range from 18.80 to
18.95 +0.001 (Figure 5.12(a)), 15.64 to 15.67 +0.001 (Figure 5.12(b)) and 38.81 to 39.06
+0.003 (Figure 5.12 (c)), respectively. These values agree well with Pb isotopic data

gathered from nearby crusts and nodules (Abouchami & Goldstein, 1995; Baker, ef al.,
2001; Ulfbeck, et al., 2001; van de Flierdt, et al., 2004)

The lead isotope seawater record shows two distinct trends in Pb compositions that
have occurred in the past 13 Ma. The first trend, from the core to ¢. 65 mm (12.7 - 10 Ma),
shows a shift from relatively unradiogenic values in Zone 1 (**Pb/*™Pb= 18.82,
27Pb/?*Pb= 15.66 and ***Pb/***Pb= 38.86) toward the most radiogenic values record by the
nodule in Zone 2ii (*Pb/**Pb= 18.95, *"Pb/**Pb= 15.67 and ***Pb/**Pb= 39.06). This
trend is then reversed from 10 Ma to present, with values progressively decreasing toward
the most unradiogenic compositions of the outer crust, Zone 5iv (**Pb/**Pb= 18.80,
27Pb/2%Pb= 15.65 and **Pb/**Pb= 38.83). These values are intermediate between present

day NPDW and LCDW.

From a depth of 95 mm (12.7 Ma) to ¢. 65 mm (10 Ma) 2*’Pb/**Pb display greater
variability compared to the smooth trends exhibited by ***Pb/?*Pb and ***Pb/***Pb, with the
local maximum at 10 Ma illustrated by a spike in 2”Pb/***Pb. Between Zone 2ii and Zone 3i
(10 - 8.4 Ma) ratios decrease to a minimum (*°°Pb/?*Pb= 18.82, 2’Pb/***Pb= 15.65 and
208ph/2%4Pb= 38.81), reaching the most unradiogenic values for **Pb/?**Pb and displaying a
large spike in *”’Pb/**Pb. Across Zone 3ii values appear to show a regular variability and
continue to rise toward Zone 4 were 2°Pb/**Pb and 2’Pb/*™Pb trends (on either side of
zone 4) indicate a gradual decrease in values toward a minimum at Zone 5i (c. 4 Ma). Pb
isotopic ratios increase again across Zone 5ii from 4 - 3 Ma with 2%Pb/**Pb displaying a
systematic increase in values, peaking at c. 2.5 Ma in Zone 5iii. **Pb/***Pb and *’Pb/***Pb
ratios display an earlier peak at the end of Zone 5ii (c. 3 Ma). Across Zone 5iii, from c. 2.5
to 1 Ma, Pb ratios decrease to the most unradiogenic values recorded by U1365B-M,
similar to the minimum at 8.4 Ma (Zone 3i). Within the last 2-3 mm, Zone 5iv (<1 Ma),
Pb isotopic compositions display an increase toward more radiogenic values in the order

205pb/2%Pb < *Pb/**Pb <*"Pb/***Pb.
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Figure 5.12 | Paleo-seawater Pb isotopic compositions for the 13 Ma growth history of U1365B-M.
208pb/24Pb, 27Pb/***Pb and **Pb/***Pb are plotted for the depth profile of U1365B-M. Each zone, defined
by changes in nodule texture, is colour coded and the timeframes of each zone defined, with
progressively younger deposits becoming lighter in colour. Error bars are illustrated when larger than

the data point.
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Pb-Pb ratios display a quasi-cyclic character with changes in composition roughly
corresponding to the 2.1 Ma eccentricity cycle. The huge monotonic shift in **Pb/**Pb
from 18.82 (12.7 Ma) to 18.96 (10 Ma), with an increase to more radiogenic values of 0.14,

and in *®*Pb/?*Pb (0.2), is accompanied by only small variations in *’Pb/**Pb (0.018).

The 13 Ma seawater record illustrated in Figure 5.12, presents well-defined changes in
composition with time and provides one of the first long-term Pb isotopic characterisation
of the ACC-DWBC from the vicinity of the Campbell Nodule Field. An initial study was
conducted by Baker ef al. (2001) and Ulfbeck, ef al. (2001) who obtained in situ Pb isotopic
compositions for a profile across U1365B-2 (Figure 5.13) using laser ablation MC-ICP-
MS. Unfortunately, Pb isotopic profiles could not be matched to an accurate chronology.
Figure 5.13 presents the *Pb/**Pb isotopic profile of U1365B-2 with the *’Pb/**Pb
isotopic compositions of U1365B-M. The isotopic profile of U1365B-2 has been matched
to the '"Be/’Be chronology of U1365B-M. It is clear from Figure 5.13 that both FMNs
record coherent changes in Pb isotope compositions. Additionally, the high resolution
bulk 2”Pb/**Pb ratios reveal four distinct spikes in the Pb record that our authigenic mico-
sampling technique was unable to detect, which occur at approximately: 6.7 Ma, 3.9 Ma,
1.2 Ma and 0.3 Ma. Lead isotope variations with time, in both U1365B-2 and U1365B-M

occur gradually and systematically with time.

Pb-Pb mixing Plots

The Pb isotopic variations over time in U1365B-M, display well defined linear arrays in
Pb-Pb space. Based on *”Pb/**Pb vs **Pb/**Pb (Figure 5.14), data points generally fall
along a long-term mixing array, with dissolved Pb from at least four different sources
resulting in short-term isotopic excursions. Three excursions are identifiable and occur at:
(i) 9.5 Ma (toward unradiogenic *’Pb/**Pb and more radiogenic **Pb/***Pb); (ii) 8.4 Ma
(toward more unradiogenic compositions) and; (iii) from 1.7 Ma to present (toward
unradiogenic *”Pb/***Pb with fairly constant 2*Pb/**Pb). In addition there is a complex
mixing zone of different Pb sources with no discernible isotopic arrays (i.e., mixing lines)
for Zones 1, 3, 4 and 5i-ii. For *®Pb/*™Pb versus **Pb/**Pb well-defined sub-parallel arrays
can be distinguished for each textural zone, corresponding to different periods of time.

These distinct arrays exclude a simple two source mixing model for the isotopic evolution
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Figure 5.13 | Paleo-seawater Pb isotopic compositions for U1365B-2 and U1365B-M *"Pb/**Pb
ratios of U1365B-M and U1365B-2 (Baker, et al., 2001) are plotted for the '°Be/’Be derived chronology
of U1365B-M. Each zone, defined by changes in nodule texture, is colour coded and the timeframes of
each zone defined, with progressively younger deposits becoming lighter in colour. Purple bars

emphasise the isotopic excursions in the Pb record of U1365B-2 at c. 6.7 Ma and 3.9 Ma.

of Pb in Lower Circumpolar Deep Water, but point to the involvement of (at least) four
different sources. Between Zone 1 (12.7 — 11.9 Ma) and Zone 2i (11.9 - 10.6 Ma) there is a
shift toward higher 2®Pb/**Pb ratios for a given *Pb/**Pb. Zone 2i (11.9 - 10.6 Ma) and
Zone 2iii (10.0 - 9.23 Ma) have mixing arrays that run parallel. Thus, the dissolved Pb
recorded in these nodule textures shared a common source of uranogenic lead (**Pb/***Pb)
but varied in thorogenic lead (***Pb/?**Pb), with Zone 2i composed of more radiogenic
2%pb/**Pb than Zone 2iii. For Zone 2i the radiogenic end-member becomes an
increasingly dominant source of Pb. At Zone 2ii (10.6 — 10 Ma) the radiogenic end-
member consistently contributes a dominant source of lead for c. 600,000 years before
reaching a turning point at 10 Ma. Beyond the turning point the unradiogenic source with
lower *®Pb/**Pb becomes progressively more dominant and continues through Zone 3i
(9.23 - 8.42 Ma). At 8.4 Ma a second turning point occurs, with Zone 3ii (8.42 - 6.25 Ma)
displaying an increased source of radiogenic Pb. The mixing arrays of Zone 4 (6.25 - 4.68

Ma) and Zone 5i-ii (4.68 - 1.70 Ma) fall roughly along the same mixing lines of Zone 1 and
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Zone 2i indicating a return to similar environmental conditions, in terms of Pb isotope
source end-members, with the exception that within this portion of the nodule (Zones 1, 4,
5i-ii) the unradiogenic end-member forms a dominant source of Pb. A distinct change in
Pb compositions occurs within Zone 5iii-iv (1.7 Ma to present) falling along an array that
is almost perpendicular to those of the other nodule zones. This indicates a clear change in
the end-member sources of Pb with an increasing contribution from a Pb source with a

fairly consistent *°Pb/?**Pb but variable *’Pb/***Pb and ***Pb/***Pb.
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Figure 5.14 | Pb-Pb mixing plots of U1365B-M  Three-isotope plots of (a) *’Pb/**Pb vs. *Pb/**Pb
and (b) 2%Pb/?*Pb vs. 2°°Pb/>**Pb.
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Discussion

6.1 Introduction

Abyssal ocean currents develop unique physical and chemical properties, based on their
geographic location of formation, circulation pathways, and the biogeochemical cycling of
elements and their isotopes between different water masses (Goldstein & Hemming, 2003).
These distinct physiochemical properties enable water fingerprinting, the ability to identify
and trace water masses as they circulate the globe, in their relentless attempt to redistribute
the Earths heat, salt and biogeochemical agents (Glasby, 2000; Frank, 2002; Goldstein &
Hemming, 2003). Over geological time, the chemical fingerprint of water masses has
evolved in response to changing climatic regimes and tectonic events (Cronin, 2010).
Hydrogenous FMNs incorporate a record of these chemical fingerprints from the abyssal
water masses in which they grow, as they accrete each successive growth layer from the
elements and compounds available within ambient deep waters (Mangini, et al., 1991;
Eisenhauer, ef al., 1992; Banakar, et al., 1993; Glasby 2000). Due to the exceptionally slow
growth rate of these abyssal archives, FMNs provide insights on the chemical history of the
deep ocean over millions of years. Such changes in FMN geochemistry have been linked to
the development and demise of polar ice sheets (e.g., von Blanckenburg & Nigler, 2001;
Frank, et al., 2002; Xu, et al., 2006; Crocket, et al., 2013) and the opening and closing of
ocean gateways (e.g., Burton, ef al.,, 1997, 1999; Frank, et al., 1999, 2006; Chen, et al., 2013).

Since FMN U1365B-M began to grow from waters of the Pacific DWBC, some thirteen
million years ago, the face of the earth has undergone extraordinary changes in ocean-
continent geometry, global ice volume, climate, and thus, the structure, circulation and
chemistry of the global ocean (see Table 1.1). Due to the location of U1365B-M below the
combined flow of the ACC and PDWBC, on its transit from the Southern Ocean in to the
greater Pacific, this large FMN has the potential to record such global events due to the
effective mixing of all major water masses within the ACC (Carter, ef al., 2009; van Sebille,
et al., 2013). In addition to recording changes in the lateral advection of water masses to
the nodule growth site, FMN geochemistry is also controlled by the vertical flux of material
through the water column (Banakar, ef al., 1997; Verlaan, ef al., 2004; Perrit & Watkeys,
2007; Banakar, 2010). Local environmental controls on element fluxes such as,

paleoproductivity and redox conditions can be inferred from the application of proxies
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previously utilised in the literature for a variety of sedimentary archives (see Tribovillard,
et al., 2006; Chapter 3). Paleoproductivity of surface waters and the redox state of the deep
ocean exert strong controls on the position of the CCD and OMZ, which in turn control
the delivery of Fe and Mn, respectively, to the deep ocean (Verlaan, ef al., 2004; Perrit &
Watkeys, 2007; Chapter 3). In light of the capacity of FMNs to store a record of local and
global environmental change (see Figure 3.7), the main aim of this thesis was to extract
and examine the authigenic component of a 13 Myr old hydrogenous FMN, that has
precipitated from waters of the PDWBC, for its multi-elemental and lead isotopic
chemistry, to determine how the chemical oceanography of this current has evolved in
response to climatic (development and demise of the polar ice sheets) and tectonic
(opening and closing of ocean gateways) events of the late Neogene. In the knowledge that
these climatic-tectonic perturbations ultimately control: oceanic circulation pathways and
export of various water masses to the Southern Ocean, bottom water production, current
speeds and the degree of oceanic mixing and stratification, in addition to controls on the
degree of continental weathering and erosion, the supply of bio-available elements for
surface water biological activity and the redox state of the deep ocean - all of which are
encoded in the chemical fingerprint of the PDWBC and archived within the

physiochemical properties of mega nodule U1365B-M.

Five objectives were designed to address the aim of the thesis: (1) isolating the seawater
record, established a technique to extract and analyse the pure seawater (authigenic)
fraction of U1365B-M and record the proportion of detrital minerals; (2) revising &
utilising the chronological framework, provided an accurate age model consistent with
the most recent applications of beryllium dating; (3) unravelling the physical archives,
described significant changes in texture, accretion rates, detrital and authigenic minerals;
(4) unravelling the chemical archives, described significant changes in element
concentration and Pb isotope compositions, and; (5) reconstructing the late Neogene
evolution of the PDWBC, is a summation of the findings from the physical and chemical
archives of U1365B-M. This Chapter discusses implications of each objective in turn, with
the last objective providing a summary of the cumulative information gathered from each
of the previous objectives, with attempts made to relate these results to climatic-oceanic-

tectonic events reported for the late Neogene, addressing the broad aim of the thesis.
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6.2 Isolating the Seawater Record

The objective was to develop an experimental procedure that could successfully isolate and
analyse the pristine record of seawater chemistry and to determine the proportion of
entrapped detrital minerals in FMN U1365B-M to assess implications of this data for

nodule genesis and the chemical evolution of the PDWBC over the late Neogene.

Traditionally, FMNs and crusts have been discussed based on bulk chemical
composition. This approach derives isotopic and elemental data that represent an average
of both authigenic and detrital sediments (Wu, 2010). As such, bulk analyses do not
represent a pristine record of seawater chemistry. The presence of detrital material serves
to dilute element signals of the authigenic fraction (such as Co, Ce, Cu), enrich
concentrations of primarily land derived elements (such as Hf, Zr, HREE) and combine
the differing isotopic histories of the two nodule components (Gutjahr, et al, 2007;
Crocket, et al, 2013). Consequently, bulk digestion methods are inappropriate for
discussions on nodule genesis and paleoceanography (Koschinsky & Hein, 2003).
Alternatively, sequential leaching procedures have been developed to analyse element
concentrations and associations within various authigenic and detrital mineral phases
(Chester & Hughes, 1967; Forstner & Soffers, 1981; Koschinsky & Halbach, 1995;
Koschinsky & Hein, 2003). Such, sequential leaching methods are prone to problems of
incomplete selectivity for discrete mineral phases and variable reproducibility, which can
limit successful interpretations of the results (e.g., Wolf, 1981; Tipping et al., 1985; Kersten
& Forstner, 1989; Koschinsky & Hein, 2003). Furthermore, the utilisation of sequential
leaching for general discussions on element associations, can be made successfully from
analyses of authigenic minerals in their entirety (e.g., Graham, et al., 2003; van de Flierdt,
et al., 2003; Gutjahr, et al., 2007; Chandnini, ef al., 2011), eliminating the need to analyse
individual authigenic phases. Selective and bulk chemical analyses generally require
multiple acid digestions, involving large volumes of various acids and a wide variety of acid
combinations. This increases the risk of contamination, precipitation losses and spectral
interferences, especially if the reagent to sample ratio is large, which is almost always the

case (Axelsson, ef al., 2002).
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Additionally, these methods commonly require sample sizes of more than 100 mg. This
limits the degree of micro-sampling and hence decreases the spatial resolution of samples
and ultimately, the paleoceanographic record. Consequently, an analytical technique was
required that could successfully isolate the seawater (authigenic) record and obtain
accurate (element concentration) and precise (element distribution) data for as many
elements as possible, using limited sample material and few (high grade) reagents (see
Section 4.2; Appendix B). The wet chemistry technique developed for this thesis utilised
the classic application of HCI acid in sample digestion and liberation of HCl-soluble
authigenic minerals from HCl-insoluble detrital minerals (Arrhenius, 1963; Mero, 1965;
Graham, ef al., 2003a; Koschinsky & Hein, 2003). As authigenic and detrital mineral
solubility in HCl is dependent upon many parameters (e.g. molarity & volume of HCI),
experiments were conducted to determine acid leaching procedures and optimised with
respect to the volume and concentration of the HCI leaching reagent, reaction time,
temperature, and use of an ultra-sonic bath for sample agitation (Appendix B). The

developed technique is illustrated for minor and trace element chemistry in Figure 4.3.

The two-stage digestion procedure incorporated room temperature and ultra-sonic
bath-assisted digestion. Use of the latter has the advantage of shortening the digestion time
and, aside from the initial transfer of HCI onto the samples, was straight forward. Each
stage of the experimental procedure is also characterised by an easily identifiable colour
change (Figure 4.3), signifying the completion of each chemical reaction. This method of
sample preparation in combination with the well-established analytical techniques of ICP-
MS (major, minor and trace element concentrations) and MC-ICP-MS (Pb isotope
compositions), provided quantitative information on 33 elements and 2%Pb/**Pb,
27Pb/2%Pb, *“Pb/**Pb compositions. Furthermore, the range of elements and isotopes
analysed could be further expanded, constrained only by the availability of single and
multi-element reference solutions, modifications of sample preparation for various
isotopic separation procedures and the capabilities of the available ICP-MS and MC-ICP-
MS. In addition to optimising sample digestion, experiments were also conducted to assess
analyte recovery, volatilisation losses, formation of insoluble species and spectral

interferences, all of which were concluded to be insignificant (Appendix B).
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The technique was developed using Certified Reference Material (CRM) NOD-P1. Data
were assessed in terms of reproducibility and how close the average of these repeated
measurements were to those previously reported. A well referenced bulk chemical method
(Axelsson, et al., 2002) was used due to the lack of an equally well referenced selective
digestion method, performed on the authigenic fraction. Geochemical compositions were
generally accurate to within £10 % of values reported, with all results falling well within the
range of published data (cf. Axelsson, ef al., 2002). However, Ce, Co, Cu, Zr, Gd and Lu
concentrations were higher for the method developed in this thesis, when compared to
concentrations derived by Inductively Coupled Plasma Double Focusing Sector Field Mass
Spectrometry (ICP-SFMS) on bulk samples reported by Axelsson, et al. (2002).
Discrepancies in the concentrations of these elements are most likely related to the
different digestion procedures, highlighting the dilution effects of the detrital fraction on
authigenic element concentration data. Conversely, V, Fe, Mn, Ni, Zn, Hf, Bi and Th were
lower in concentration compared to values reported by Axelsson, et al. (2002). The latter
may result from element contributions of the detrital fraction in the bulk data set of
Axelsson, ef al. (2002), increasing the concentration of these elements in comparison to the
authigenic data set of U1365B-M (this thesis), or a consequence of applying different mass
spectrometric methods (ICP-SEMS; Axelsson, ef al., 2002). A recent study confirmed that
significant discrepancies are in fact produced by using different analytical instrumentation
(Kriete, 2011). However, the findings of Kriete (2011) concluded that the methods applied
in this thesis (ICP-MS, collision/reaction cell, sample digestion, dilution and the use of

internal standards), were the most efficient approach in analysing complex FMN samples.

On a final note, Flanagan & Gottfried (1980) reported a certain degree of sample
heterogeneity of NOD-P-1 reference material and variations in multi-element
concentrations of other nodule CRMs are common (Axelsson, ef al., 2002; Kriete, 2011).
This highlights the complexity of the Fe-Mn oxyhydroxide matrix (and the intricately
interwoven fine-grained aluminosilicates), which clearly pose a challenge in analytical
chemistry. Despite these challenges, the developed separation technique, successfully
isolates both the seawater (authigenic) and land (detrital) derived nodule fractions,
providing a simple procedure for complete multi-elemental and Pb isotopic analysis of the

isolated seawater fraction.
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6.3 Revising & Utilising the Chronological Framework

The objective was to provide a revised chronological framework for the crust to core depth
profile of U1365B-M, so that significant physiochemical changes in the nodule could be
linked to our present knowledge on the coeval evolution of the ACC-PDWBC. A sub-goal

was to assess how accurately cobalt chronometers could derive similar nodule age models.

In order to use the elemental and Pb isotopic data stored within the growth rings of
FMN U1365B-M, as a record of paleoceanographic change, a geochronological framework
was essential. Moreover, the growth rates of FMNs provide critical insights into the
processes which govern their formation. The most precise growth rate estimates for FMNs
on >10° year timescales have been obtained using beryllium isotope dating (e.g. Nagai, el
al.,2000). Beyond 10-15 Ma, '°Be/’Be dating becomes inaccurate and few viable alternatives
are presently available (see Section 3.1). Co concentration profiles referenced to '°Be/’Be
growth rates are the most widely applied method for extending chronologies beyond
beryllium dating, however, the accuracy of these age models has recently been brought into
question. Large discrepancies were identified by Nielsen, et al. (2011), between their new
age derived by osmium and thallium isotopes (c. 6.5 Ma), and that previously derived by
Co-flux modelling (c. 15 Ma), for a well-studied crust from the Indian Ocean (109D-C).
High resolution sampling and the unpublished ’Be/’Be dating of U1365B-M (Ditchburn &
Graham, 2006b), provided an opportunity to assess the accuracy of both beryllium and

cobalt chronologies.

Beryllium Cosmochronology

Beryllium dating was initially conducted in 2003, on a suite of FMNs collected from the
Campbell Nodule Field (Graham, et al., 2003b; Ditchburn & Graham, 2003). U1365B-M
was found to be the largest and oldest nodule recovered, presenting great potential for
paleoceanographic study. As such, sampling (see Ditchburn & Graham, 2006a) and dating
(see Ditchburn & Graham, 2006b) were repeated at a higher resolution in 2006. Nodule
chronologies were developed using the '°Be half-life of 1.51 Ma (Bhat, et al., 1978), which
was modified to 1.39 Ma in 2010 (Chmeleff et al, 2010; Korschinek et al, 2010).

Consequently, age models of the original study and the new chronology of U1365B-M
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required updating to this new value. Age models can be updated by either substituting the
""Be half-life ("’Be t5 = 1.51 Ma for '"Be t% = 1.39 Ma) in the age equation or by updating
AMS measurements (see Section 4.3). In this case, both approaches yield the same results.
The latter approach was adopted and employed to update the Southwest Pacific Ocean
‘initial’ '°Be/°Be ratio and age models of the selected FMNs. For U1365B-M the revised
chronology provided a late mid Miocene age (c. 12.7 + 0.2 Ma) for the initiation of nodule
formation. Using the revised chronology, average growth rates were determined to be 5.9
mm/Ma. Growth rates have long been used as a preliminary tool in classifying the different
modes of FMN formation: (i) hydrogenetic (0.5-15 mm/Ma); (ii) hydrothermal (> 20-100
mm/Ma), and; (iii) suboxic diagenesis (168-200 mm/Ma), and (iv) oxic diagenesis (12-50
mm/Ma) (Mero, 1965; Glasby, 2000). The slow accretion rates of U1365B-M indicate a
hydrogenetic origin. This is in stark contrast to the accumulation of deep-sea sediments in
the region which range from 8 — 95 cm/Ma (Graham, ef al., 2004). Thus, the presence of
U1365B-M at the sediment-water interface, accreting material over the last 13 Ma, presents
a paradox of how this mega nodule has remained unburied. This problem is apparent for
all FMNs growing at the sediment-water interface over any substantial length of time, and
has resulted in challenges to the validity of radioactive dating and the assumptions made

when calculating ages and growth rates (see Glasby, 1977; Somayajulu, 2000).

As such, three models currently exist to explain the observed decay curve in
radionuclide depth profiles: (i) a growth model, (ii) a diffusion model and a (iii) growth-
diffusion model (see Somayajulu, 2000). The first is the most widely accepted model that
has gained continued support from a growing body of literature on the use of beryllium
dating and the concordance of these results with those of different isotopic systems e.g.
2Th and **'Pa (Segl, et al., 1984; Banakar & Borole, 1991; Frank, ef al., 1999). A growth
model was applied in explaining the '°Be/’Be profile of U1365B-M (see Graham, ef al,
2003b). The accuracy of calculated ages and growth rates depends on this choice of model
and its inherent assumptions. The growth model functions under four principle
assumptions (see Somayajulu, 2000), that are summarised in Table 6.1. Tests were
performed to assess the validity of each assumption (Figure 6.1 a-d). Firstly, the

assumption that U1365B-M has remained a closed system and thus has experienced no
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post depositional isotopic exchange, is investigated by looking at the relationship between
the concentration of “Be and the amount of detrital material incorporated into each sample

(Figure 6.1 a).

Method Model Assumption Test for validity
1 No post-depositional isotopic No positive correlation should occur between
exchange has occurred as FMNs continentally derived °Be (ppm) and detrital
behave as closed systems material (%)
3 2 ' Beand ’Be isotopes are scavenged Decay corrected *°Be ppm (*°Bepc ) and *Be
<
1] < equally into FMNs ppm should exhibit a near perfect positive
= o
S .
?_:o s correlation
© £
a
2 S 3 Theinitial °Be/°Be ratio has °8e/°Be ratios restored to their original values
@Q G) . . . '
I remained constant and is equal to should be within +1.5x 107 of the
o
2 the present day seawater value BeBesyro

4 FMN growth rates are slow enough The decay curve of °Be atoms should clearly

10 . .
so that "Be is easily measured show a reduction to half its original value

within ~1.4 Ma for at least four half-lives

Table 6.1 | Assumptions of the growth model for beryllium dating details on the assumptions, and

tests for their validity, were derived from Somayajulu (2000) and Graham, et al. (2003b).

Trapped within the mineral lattices of detrital grains are variable concentrations of °Be
(Graham, et al., 2004; Lebatard, et al, 2010). Thus, there is the potential that the detrital
(non-dissolved) fraction of °Be may be released from entrapped aluminosilicates causing
an apparent increase in authigenic (dissolved) °Be. This could decrease the '“Be/°Be ratio
and affect the ‘true’ age of samples. If post-depositional isotopic exchange had taken place
then a significant positive correlation (Pearson’s r* = > 0.7) would be evident between °B
(ppm) and the percentage of detrital material. Figure 6.1 (a) illustrates that no significant
correlation (r’= 0.3) exists between the two variables and thus it is assumed that no
significant isotopic exchange has taken place. The two parameters actually display a
negative correlation for three sections of the nodule from approximately: (i) 13 to 9 Ma

(r’=-0.7); (ii) 7 to 3 Ma (r’= -0.6) and; (iii) 1 to 0 Ma (Figure 6.1 (a)).
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The second assumption is that '"Be and °Be are equally scavenged from the water
column, so that the isotopes of beryllium are incorporated into FMNs at a constant
isotopic ratio. Figure 6.1 (b) is a plot of °Be and decay corrected '"Be (“*Bepc)
concentrations with age. Except for the small excursion exhibited by the last three sample
points, beryllium isotopes appear to be incorporated into U1365B-M at a near constant 1:1
isotopic ratio, similar to the updated initial SWPO '“Be/’Be ratio of 1.22 x 107. It can
therefore be assumed that the '°Be/’Be ratio recorded in the authigenic fraction of U1365B-
M is representative of the soluble Be present in the deep ocean at the time of deposition.
The third assumption is that initial '’Be/°Be ratios (N= 1.22 +0.03 [107]) have remained
constant from initiation to cessation of nodule growth (Somayajulu, 2000; Graham, ef al.,
2003). As a first order assessment of this assumption, the correspondence observed in
Figure 6.1 (b), suggests that it is a sufficiently good approximation for a valid chronology
and rates of growth to be obtained by this method. A more detailed assessment involves
back-calculating the initial '°Be/Be ratios at the time of FMN growth (Figure 6.1 (c)) (see
Willenbring & von Blanckenburg, 2010). Back-calculated paleo-SWPO °Be/’Be ratios are
on average '"Be/’Be = 0.6 x 107 £0.02, which is lower than the SWPO paleo-ocean value of
“Be/’Be = 1.22 x 107 £0.02. Despite these differences values are consistent with ranges
previously reported from FMNs, crusts and sediment cores from the Pacific Ocean (e.g.,
Ling, et al., 1997; von Blanckenburg & Igel, 1999; Willenbring & von Blanckenburg, 2010).
According to Ling et al. (1997) and Willenbring & von Blanckenburg (2010), if the
difference between the lowest and highest paleo-SWPO 'Be/’Be ratios are within 1.5 x 107
then they have remained constant. This indicates that the '“Be/’Be ratio has remained

relatively constant throughout the past 13 Ma.

The fourth assumption is that nodule growth rates are slow with respect to beryllium
decay, so that the decay of '"Be is easily measurable. Figure 6.1 (d) illustrates the
percentage of '’Be remaining after a series of half-lives ("’Be t¥2=1.39 in blue boxes and '"Be
t%2=1.51 purple lines) and indicates that this assumption is also valid. Thus, the
assumptions of the growth model hold true for the application of beryllium dating and
provide a robust late mid Miocene through recent (12.7 - 0 Ma) chronological framework
for U1365B-M and additionally, revised age models for FMNs selected from the Campbell

Nodule Field (Appendix C). Furthermore, through application of a growth model, the for
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disjointed '°Be/°Be profile correlates with a change in texture (see Figure 5.3, 5.4 and Table
5.3) these ‘time markers’ are inferred to represent a significant change in the way U1365B-
M has accreted material, reflecting an equally significant change in the circulation, flow
and(or) chemical properties of the ACC-PDWBC. Significant changes in the growth rate
history of U1365B-M were reported at 13, 10, 7.4 to 6.3, c. 6, 3, 1, and 0.3 Ma, bearing
strong correlations with the timings of key climatic, tectonic and oceanic events that are
proposed to have caused significant changes in the structure and flow of the global ocean

(Table 6.3), discussed further in Section 6.4.

Cobalt Chronometry

Established '"Be age-model and growth rates were used to assess the accuracy of three
different Co chronometers and how successfully Co concentration profiles, referenced to
beryllium derived growth rates, provide an accurate chronology for U1365B-M (Appendix

C). The assumptions of cobalt chronometry and tests to validate are listed in Table 6.2.

Method Model Assumption Test for validity

1 The flux rate of Co to the oceans  Calculations of Co flux rates should yield
and FMNs is constant with time constant (;,lg/cm2 kyr) values (£10%)
at~ 3.0 ug cm’ ky

>
=)
g 2 2 Coisincorporated into vernadite  Co contents should positively correlate (>
) ) L
S § at a constant rate r = 7) with Mn and the authigenic growth
£ 5 rate of FMNs
o =
= 3
(5]
o . .
2 3 Co concentrations vary only as a Co contents should display a near perfect
o
function of growth rate, with negative correlation (r = -1) with growth
slow rates leading to higher rates

concentrations and vice versa.

Table 6.2 | Assumptions of cobalt chronometry key assumptions in applying Co-chronometers. Tests

for their validity were derived from Puteanus & Halbach (1988) and Frank, et al. (1999).

To test the first assumption, the flux of Co into U1365B-M was calculated using the flux
rate equation of Halbach, ef al. (1984). The average Co-flux rate, derived using the total

growth rate, is 2.5 pg/cm*ky, which is roughly midway between rates calculated for Co-rich
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seamount crusts of the Central Pacific (3.0 ug cm? ky; Halbach ef al., 1984) and those of
Co-poor crusts of the Atlantic, Indian and Pacific Oceans (1.9 pg cm? ky; Frank et al,
1999), consistent with the chemical profile of Co displaying both Co-rich and Co-poor
concentrations in U1365B-M (Figure 5.10 & 6.2). Evident from Figure 6.2 is that the Co-
flux was not constant over time, ranging from 3.9 pg/cm? ky at 6.8 Ma (end of Zone 3ii) to
1.5 pg/cm? ky at c. 1 Ma (end of Zone 5iv), displaying a significant peak at 6.3 - 6.7 Ma in
association with a rapid reduction in growth rate, supporting the third assumption.
Halbach & Puteanus (1984) indicate that Co-flux rates are constant over one order of
magnitude of growth rate and thus these results would support a constant Co flux.
However, for nodules exhibiting large changes in growth rate (e.g. Segl, ef al, 1989;
Mangini, et al., 1990) application of any general algorithms (such as the three assessed
here) will not account for the effect a change in growth rate has on Co concentration and
thus derive erroneous results. The second and third assumptions illustrated in Figure 6.2
show that Co and Mn concentrations share a significant positive correlation (Pearson’s r* =
0.7), indicating that Co is associated with Mn and may therefore be adsorbed onto
vernadite (dMnO,). However, relationships of Co with the authigenic growth rate are
scattered (Pearson’s r* = 0.03) and display stronger negative correlations with the total and
detrital growth rates (Pearson’s r* = 0.7). Thus, it appears that the presence of detrital
material plays a role in altering authigenic Co concentrations. This association may be
related to the authigenic growth rate of FMNs which are reduced when detrital fluxes are
high (Banakar, et al., 2000). High detrital entrapment within U1365B-M, results in chaotic
mottled microstructures which grade from mottled to cuspate to columnar with decreasing

detrital content and increasing authigenic growth rates and Mn concentration.

To conclude, the assumptions of beryllium cosmochronometry have proved valid,
supporting the view that this method is reliable in its ability to produce accurate (£15 % of
values determined in 2003; Graham, ef al., 2003b), and precise (within + 0.1 Ma for each
sample; Ditchburn & Graham, 2006) age model data, and in providing valuable and
detailed information about the growth history of FMNs from the New Zealand sector of
the Southern Ocean. However, the application of cobalt chronometry does not seem a
reliable alternative for providing age estimates for FMNs, supported the findings of

Nielsen, et al., (2011).
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6.4 Unravelling the Physical Archives

The objective was to use the revised chronology of FMN U1365B-M to identify and assign
ages to, significant changes in macroscopic texture, microscopic growth structures and

proportions of detrital and authigenic minerals.

The majority of studies utilising FMNs as archives of past oceanographic change, do so
through the study of changing isotopic compositions, namely Hf, Nd and Pb (e.g.
Abouchami, ef al., 1999; van de Flierdt, ef al., 2004, Frank, et al., 2008) and more recently
Mo, Tl, and Fe isotopes (see Koschinsky & Hein, 2013). In comparison, few studies utilise
the physical archives of FMNs, despite their successful application in identifying
significant changes in the structure, flow, and chemistry of past oceans (e.g. Banakar, ef al.,
1993, Xu, et al, 2006). Several researchers have shown from stratigraphic analysis of
macroscopic nodule textures, that there are certain periods within the late Neogene when
the pattern of nodule accretion changed coevally with global changes in deep water
circulation (Halbach & Puteanus, 1984; Segl, et al., 1984, 1989; Glasby, 1986; Mangini, et
al., 1990; Xu, et al., 2006; Zhang, et al., 2013), summarised in Table 6.3. Segl, ef al. (1989)
referred to these visible changes in texture as ‘time markers’ and found them to occur in

nodules throughout the world oceans.

In addition to macroscopic changes, the importance of microstructures and their
application in interpreting the paleoceanographic evolution of FMNs have been recognised
and categorised since the publication of Sorem & Foster (1972). However, there are
contrasting theories as to their paleoceanographic significance and their application has
been relatively rare (see Segl, ef al., 1989; Mangini, ef al., 1990; Hein, ef al., 1992; Banakar,
et al., 1993; Wang, ef al., 2011; Zhang, et al., 2013). Additionally, proportions of authigenic
and detrital minerals have been used to provide a first order assessment of the building
blocks available for nodule formation. High authigenic components indicates an increase
in Fe-Mn precipitation, potentially associated with increased inputs of Fe and(or) Mn,
increased ocean oxygen, and increased current speeds, maintaining low sedimentation
rates with the reverse assumed for low percentages. The proportion of detrital material has
been utilised as a proxy of continental weathering history and indication of abyssal current

velocity (e.g. Mangini, ef al.,, 1990; Banakar, ef al., 2003; Wright, et al., 2005). Therefore,
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Age
(Ma)

1.7-1

35-3

6.3

10

13-12

Physical Archive ‘Time Markers’

Definable mm-scale banding of the

outermost layers (3-6 mm) of FMNs

Bands of higher detritus have been noted
at 3 Ma, with decreased authigenics [weak
banding of FMNs from c. 6 Ma now
developed into cyclical banding]
microstructures grade from columnar to

laminated

Increased authigenic component, pulse of
faster growth rates, large cuspate
microstructures [inner and central banded

zone]

Major change in structure from more
uniform textures of high detrital content
to a banded structure, coincide with
significant decrease in growth rates , and
increase in Mn, Ni, Cu [marks the horizon
between compact and crumbly zones of
U1365B-M]

Decreasing silicate content [spans the

outer compact zone]

Minimum in Mn, [time marker between
central and outer iris - significant change

in Pb isotopic compositions]

Uniform textures, high silicates, chaotic
mottled microstructures, indicate fast

abyssal currents and seafloor scouring

Oceanographic Event

Beginning of mid-Pleistocene oscillations of global

ice volume

Initiation of Northern Hemisphere glaciation,
world-wide sedimentary hiatus 3.7 - 3.1 Ma (Keller
& Barron, 1983), change in ocean circulation to
shallow glacial seas, present day circulation achieved
c.3Ma

Warm mid Pliocene temperatures, shoaling and

closure of the Panama Isthmus,

Shift in **C in benthic foraminifera, beginning of
modern bottom water circulation, drop in the CCD
in the Central Pacific, potentially marking the onset

of modern NADW production

An overall cooling of the oceans, increase in abyssal
current strength, increase in the fertility of the
oceans, lowering of sea level, drying up of the
Mediterranean, shoaling of the isthmus of Panama,
significantly increased input of cold oxic SCW to
Study area and deepening of CCD (Haywood, ef al.,
2004)

A maximum extent reached in Antarctic ice sheet
development, closure of the Indonesian Gateway,
spin up of the ACC due to enhanced atmospheric
circulation and colder climates. From 8 to 10 Ma,
stronger PCW export to the Southern Ocean,
reported in FMNs and crusts (van de Flierdt, et al.,
2004)

Build-up of the east Antarctic Ice Sheet, rapid global

cooling, onset of AABW production and ventilation

of the deep ocean, fast abyssal currents, raising of the
CCD in the Pacific
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Table 6.3 | Global time markers recorded in FMNis of the global ocean & U1365B-M. See also Table
1.1 for additional climatic and tectonic events coeval with FMN time markers. Information for FMN
time markers are compiled from; Halbach & Puteanus, 1984; Segl, et al., 1984, 1989; Glasby, 1986;
Mangini, et al., 1990; Banakar, et al., 1993; Xu, et al., 2006 and oceanographic events summarised from

above references in addition to Kennett & von der Borch (1986) and Cronin (2010).

identifying changes in texture and the nature of nodule layers can provide a powerful tool
for distinguishing significant changes in the chemical oceanography of the PDWBC. Here,
macro- and microstructures and detrital proportions are used as a proxy for significant
changes in the paleoenvironment of deposition and paleo-current strength. The internal
structure of U1365B-M (and Campbell Nodules) was studied via cross-sectional cuts
through the nodule and BSE images, which had not previously been discussed in any detail
(see Graham, ef al., 2003a). The revised age model of U1365B-M was superimposed along
the depth profile of BSE images to facilitate discussion on the paleoceanographic
implications of the various microstructures. Although, this was not a perfect match, as the
BSE imaging and age model were developed along two different nodule radii however, they
do provide a good indication of microstructures that have formed over the nodules growth

history.
Paleo-environment of Deposition

Significant changes in the underlying authigenic chemistry of U1365B-M and thus, by
proxy, the PDWBC, are expected to be reflected in the emergent physical properties of the
deposited FMN layers (Banerjee, ef al, 1999; Pulyaeva & Hein, 2010). Stratigraphic
analysis and of U1365B-M, revealed five distinct concentric zones: (1) core zone [12.7 to
11.9 Mal; (2) iris zone [11.6 to 8.9 Ma]; (3) compact zone [8.9 to 5.7 Ma] terminating in a
visible erosional hiatus; (4) crumbly zone [5.7 to 4.7 Ma], and; (5) banded zone [4.7 to
present] (also referred to as Zone 1-5; Figure 5.3 & 5.4), which were named after their
dominant textural appearance and interpreted as reflecting significant changes in PDWBC
chemistry. The discrimination based on the five-zone morphology is confirmed by
corresponding changes in microstructures (Figure 5.5) and chemical composition
(Section 5.4), the timing and nature of each zone are also consistent with those previously
reported for a range of FMNs and FMCs from: the Southwest Pacific (von Stackelberg, et

al., 1984; Segl, et al., 1989; Mangini, ef al., 1991); the Greater Pacific (e.g., Segl, et al., 1989;
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DeCarlo & Fraley, 1992; McMurtry, et al., 1994; van de Flierdt, et al., 2004; Xu, et al., 2006;
Chen, et al., 2013); the Indian Ocean (e.g., Banakar, ef al., 1993, 1997; Banerjee, ef al., 1999;
Banakar & Hein, 2000; Rajani, ef al., 2005), and; the Atlantic Ocean (e.g., Segl, ef al., 1989;
Koschinsky, et al., 1996; Frank, et al., 1999, 2002, 2006; von Blanckenburg & Nagler, 2001),
reflecting underlying changes in the chemical composition of these archives in response to
the evolving chemical fingerprint of these various water masses over the late Neogene.
Each of the accretionary zones indicate periods of relatively continuous Fe-Mn
precipitation over the 12.7 Myr growth history of U1365B-M, and are separated by
hiatuses of c. 40 kyrs duration, when Fe-Mn precipitation was prevented by unfavourable
conditions, related to the redox state of the ocean, paleoproductivity or a restricted supply
of Fe and(or) Mn (Banakar, ef al., 1997; Glasby, 2000). Equally, the surface of U1365B-M
may have been buried by sediment and later exhumed. Additionally, these zone
boundaries may have resulted from the erosion of previously deposited layers (as indicated
by the erosional hiatus between zones 3 and 4) (Glasby, ef al., 1985; Segl., et al., 1989).
These hiatuses or ‘time markers’, are also associated with changes in nodule growth rates
and thus the mechanism of nodule accretion (Figure 5.1; Table 5.2), and represent
comparatively rapid changes to the depositional environment of the PDWBC. These time
markers of change were used to further divide the five zone morphology into a series of
subzones, and closely correlate with those compiled in Table 6.3 and are illustrated in
Figure 6.3 (note the erosional hiatus cutting through layers of the Compact Zone that

must have occurred prior to the deposition of the crumbly zone c. 6.3 Ma).

Correlation of the time-markers, reported for U1365B-M, with those recorded for
FMNSs and crusts from each of the major ocean basins (references above), indicate that
U1365B-M has preserved the chemical response of the PDWBC to long-term global
oceanographic events as noted previously (e.g., Segl, ef al., 1989; Banerjee, et al., 1999).
Additionally the correlation of these abyssal archives, over the millennial growth history
FMNs and crusts, indicates that there are strong telecommunications between these
deposits, suggesting that climatic and tectonic processes that alter deep ocean chemistry,
are effectively translated through the medium of the deep-ocean to various FMN (and deep
oceanic crust) growth sites. Thus, the classic principle of marker beds ‘stratigraphic units

of the same age and of such distinctive composition and appearance that despite their

Chapter 6 Unravelling the Physical Archives 112



Abyssal Archives

1 =
0 2 -4 3
] o z 5 Z
3 w =<y uz e = & .k
. P Detrital Age Eéa 5"3‘."-’ Eu"‘lg 23p 5552 SeTz
Nodule Zones €8 (@ (Ma) Zone Name 8&13 255 Oa éEE 3-53 255
w "
é; 285 o2z 28f% o0 22R8 8988
> 35 127 Nucleus . Mi-4
e ) 90-100%
N 40 127-119 Inner Core increased . flux
) glaciation
) 45 119-113 Outer Core
V] [Zone 1] =
a Mi-5 %
o 42 113-106 Inner Iris greater ice P
. % [Zone 2i] volumes &(or) 40-60% 2
e : cooler sea highest final flux e
791 = 43 106-100 ?ze:"n: I.,li?s temperatures PDWC restriction -~ g
- o than present speed and closure S
o a4 100-923 Outer Iris ¢10 Ma of the So=a
c [Zone 2iii) - Mi-6 Indonesian
g ' Gateway
o
5 37 923-842 Inner Compact -
N [Zone 3i] ®
g s 60-70%
a 30 842-625 Outer Compact s Messissinian flux
E [Zone 3ii] . - Mi-7 23 Crisis
(¥] 28
20 Inner Crumbly
2 global
o w "
~ o=t [Zone 4] temperature
< Strait of
2 P 625572 Soe Gibraltar 80%
g 8 opens flux
S Outer Crumbly ¢6Ma
7‘_; Bering
increased = . Strait
WAIS volume 5‘ < opens
14 5.72-4.09 Inner Banded c53Ma ‘z’ 3
[Zone 5i] o ) final
] early closure of
o Pliocene warmth Panama
& == Ismuth
@ ) 16 409-295 Central Banded §§ N Northem
S K [Zone 5ii] £ % I Hemisphere 90-100%
- Z LR glaciation flux
§ = ;nd Antarctic (NHG)
5 S 295-026  Outer Banded 0 et formation
[Zone Siii] PaNSIOn of Canadian
2 = — Arctic k1
¢ 5 s Archipelago =
5 a — major G/1 ; = 2
- ——
16 026-011  Outerrind & gum g8 B= e =5 S 8
[Zone 5iv] S 250 z 58
3 =3 ° = g
U z2

Figure 6.3 | Physical archives of FMN U1365B-M and key climatic-oceanic-tectonic events over the
late Neogene. See also Table 1.1 for additional climatic and tectonic events coeval with FMN time
markers. Information for FMN time markers are compiled from the references cited, which are colour

coded in accordance with the parameter being illustrated.

presence in separate geographic locations there is no doubt about their being of equivalent
age and of common origin’ (Boggs, 2000), may be applicable to FMNs and crusts, as
suggested by previous authors (e.g., Banerjee, ef al., 1999; Segl, et al., 1989; Xu, et al., 2006),
and deserve further investigation as these conditions suggest that the deep sea depositional
environment has remained relatively uniform over a wide area for millions of years and
that these long periods of relative ‘quiescence’ are separated by rapid changes to the

depositional environment.
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Paleo-current Strength

The strength or speed of the PDWBC over the late Neogene is expected to have changed in
response to G/I cycles, with cooler climatic periods enhancing polar-equator temperature
gradients, promoting faster wind speeds, and thus resulting in a ‘spin-up’ of the ACC-
PDWBC system, in addition to encouraging AABW formation (Zachos, ef al., 2001; Lear,
et al., 2003; Cronin, et al, 2010). Periods of intensified bottom current speeds are
commonly identified in the sedimentary record as deep sea hiatuses in association with
these colder climatic periods (Barron & Keller, 1982; 1989; Joseph, et al., 2004; Hayward, et
al., 2004; McKay, ef al., in press). Figure 6.4 illustrates the percentage of detrital minerals
(remaining as the insoluble residue after acid digestion of U1365B-M samples) in
association with global (Barron & Keller, 1987), conjoined ACC-PDWBC (McKay, et al.,
in press) and solely PDWBC flow (Joseph, ef al., 2004), in addition to potential continental
sources of the detrital fraction. Incorporation of large quantities of detrital grains (20 -
45%) occur at: 12 to 11 Ma, 10.5 to 9.5 Ma, 7 to 6 Ma (correlating with a reoccurrence of
mottled structures) and from 3 to 1 Ma. With the lowest proportions (c. 10%) reported at 4
Ma (correlating with cuspate microstructures), and at 0.1 Ma (correlating with laminated

structures).

The overall decline in detrital incorporation of U1365B-M does not correlate with
increased uplift rates of the Southern Alps from c. 10 and 5 Ma, or intra-plate volcanism of
the Campbell Plateau, despite Chang, et al. (2003) reporting the occurrence of volcanic
nuclei for those nodules studied in close proximity to Antipodes Island. However, pulses of
high detrital incorporation do coincide with the timings of enhanced ACC-PDWBC
velocities reported by McKay, ef al. (in press) and phases of strong PDWBC flow reported
by Joseph, et al. (2004) until c. 6 Ma. The increase in detrital incorporation (but still
appreciable low c. 10 - 20 %) from c. 3 Ma, could be a consequence of the global and
oceanic change associated with Northern Hemisphere Glaciation (Glasby, 1987; Mangini,
et al., 1990; Frank, et al., 2002) and(or) advance of the Ross Ice Shelf and polynya-style
deep water mixing in the Ross Sea between 3.3 and 2.5 Ma (McKay, ef al., 2012), or could
equally reflect opening of Macquarie Ridge Seaway to current flows of the ACC-PDWBC
and inception of the Solander Trough (Shuur, ef al., 1998; Carter & McCave, 1997).
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In light of the above, the high percentage of detrital minerals present in the core zone
(35 - 35%) between c. 12 — 10 Ma and the pulse from 20 - 30% between 7 and 6 Ma, could
be associated with sediment scouring of the seafloor, due to increased bottom current
velocities. Mangini, ef al. (1990) noted similar occurrences of detrital grains between c. 13
to 6 Ma, in a proximal FMN 143GB. They interpreted increased detrital inclusions as
reflecting the onset of various stages of AABW production and ‘spin-up’ of the ACC-
PDWBC in association with Antarctic ice sheet development. Furthermore, the gradation
from; mottled to cuspate to columnar to laminated microstructures, seen in U1365B-M
(Figure 6.4), was also noted by Mangini, ef al. (1990) and, in the order listed, has been
associated with decreasing bottom current speeds (Sorem & Fewkes, 1972, 1977; Banerjee,
et al., 1999; Pulyaeva & Hein, 2010; see also Figure 3.6). Moreover, seafloor photographs of
the Campbell Nodule Field, taken during sample collection in 2003, revealed significant
scour marks in the seafloor (see Chang, ef al., 2003). It is therefore probable that the
detrital component of U1365B-M indicates phases of increased PDWBC speeds over the

late Neogene.
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6.5 Unravelling the Chemical Archives

Objective four was to use the revised chronology of FMN U1365B-M to identify and assign
ages to, significant changes in the elemental and lead isotopic compositions of the

authigenic seawater record, and to identify inter-archival and inter-elemental correlations.

Since their discovery, the chemistry of FMNs has been widely documented, principally as
bulk chemical data, and less so as the products of sequential leaching techniques (e.g.,
Chandnini, et al., 2012). Despite wide documentation of chemical content and element
associations, discussion on the application of FMN geochemistry as proxies to elicit
information on past environments is rare. The majority of information utilised here on
element proxies is derived from a variety of sedimentary archives (e.g., Tribovillard, ef al.,
2006; Sheldon & Tabor, 2009; Soua, 2011). However, attempts were made to ensure that
these proxies were applicable to Fe-Mn deposits. Due to the large data set on element
chemistry, the initial task was to identify the general trends in element concentration and
composition across the various zones of U1365B-M, followed by identifying element
groups or element associations based on cluster and correlation analyses. Following the
identification of element groups representative elements were selected and element
distributions were investigated further. Here, elements are investigated based on their
previous application as proxies of past changes in the depositional environment and are
discussed in terms of: (1) paleoprecipitation and element associations; (2) paleo-source; (3)
paleoproductivity; (4) paleo-redox, and; (5) paleo-circulation. In Section 6.6 these proxies
are then discussed in more detail in regards to their paleoceanographic implications for
determining how the chemical fingerprint of the PDWBC, has evolved in response to well

documented climatic and tectonic events of the Late Neogene.

Connecting the physical archives of FMNs with the underlying geochemistry, the
physical properties are important for the sequestration of elements from ocean water, as
this process largely depends on the bulk density of the nodule (mean 1.3 g cm™ dry bulk;
U1365B-M 1.9 g cm™ dry bulk; Chang, et al, 2003), its porosity (mean 60%), and the
extremely high specific surface area (mean 325 m? g''; Hein, ef al., 2000) characteristic of

FMNs and crusts (Hein & Koschinsky 2013). These properties, combined with their
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incredibly slow growth rates of 1-10 mm Myr (U1365B-M; 5.4 mm/Ma) and surface
charges on colloidal Mn (strong negative charge) and Fe (weak positive charge)
oxyhydroxide phases (see Figure 3.2), determine surface redox conditions of the FMN, and
allow for the adsorption, replacement (element substitution e.g. Mn** 5 Co?*) and co-
precipitation reactions that scavenge and secure tracer elements from seawater into Fe-Mn
mineral lattices (Koschinsky & Hein, 2003; Hein & Koschinsky 2013). The chemical
composition of FMNs is thus dependant on Fe-Mn precipitation and the chemical
composition of ambient seawater. Variations recorded in FMN geochemistry on global,
regional, local, inter-nodule and intra-nodule scales, are therefore a reflection of changes
in seawater chemistry due to alterations in the biogeochemical cycling of elements,

principally Fe and Mn (Hein & Koschinsky, 2013).
Paleoprecipitation and Element Associations

The hydrogenous precipitation of Fe-Mn oxyhydroxides, acquire significant quantities of
elements (e.g. Co, Ni, Ba, Pb, Ce) from seawater, to the extent that seawater concentrations
of some elements, such as Ce, are controlled by their incorporation into these
oxyhydroxide minerals (e.g., Goldberg ef al., 1963; Piper, 1974). The mechanisms of tracer
element sequestration by Fe oxyhydroxides and Mn oxides can, to a first-order
approximation, be determined through calculations of the Pearson’s product-moment
correlation coefficient r* values, for various pairs of elements, and hierarchal cluster
analyses (HCA), to determine inter-element relationships and the association of tracer
elements with each major mineral phase (Li, 1982; Wen, et al., 1997; Koschinsky & Hein,
2003). Application of Pearson’s r* and HCA on the multi-element concentration data for
the authigenic fraction of U1365B-M, revealed three clusters of geochemically similar
elements (Figure 6.5). The first cluster was subdivided into two groups of geochemically
similar elements and the third cluster was divided into three, providing a total of six
element groups, that generally displayed >70% geochemical similarity in their time-series
profiles (Figure 6.5). Information gathered on element speciation in seawater (see Table
3.2), and the most common compounds that form (i.e., carbonates), are annotated on
Figure 6.5 and illustrate how, in general, the charge of the dissolved species appears to be

especially important for the adsorption of these elements by Fe-Mn oxyhydroxides from
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Figure 6.5 | Hierarchal cluster analysis and element speciation in seawater The results from

performing HCA on the multi-element geochemistry of U1365B-M are presented, in addition to the
shaded groups of elements displaying 70, 80 and 80 % similarities in their chemical profiles. An example
of chemical time-series for cluster 1 elements (Mo), cluster 2 (Cu) and cluster 3 (Ce) are shown.

Additionally each of the six groups has their dominant seawater complex/speciation annotated.

seawater, as each group can be associated with a common ligand, supported by previous
tindings (e.g., Li, 1981; Wen, et al, 1997; Koschinsky & Halbach, 1995; Koschinsky &
Hein, 2003). The three clusters in Figure 6.5 most likely reflect the dominant mineral
phase that scavenged the displayed selection of elements from seawater. Correlation
coefficients in the literature for various pairs of elements based on FMN geochemistry (on
the basis of bulk or acid leachate chemical composition data) show that sequestered
elements are generally associated with one or more of four phases: Mn-oxide (Co, Mn, Mo,
Ni, Cu, Zn, Tl, Ce); Fe-oxyhydroxide (Fe, Zr, Hf, Nb, Ta, Bi, Th, U, V, As, Ce, Pb, YREE,
Cd, Mo, W); biogenic (Fe, Cu, Ni, Zn, Ba, Ce), and; detrital (Si, Al, Fe) (e.g., Cronan, 1977;
Calvert & Price, 1977; Li, 1982; Wen, et al., 1997; Koschinsky & Hein, 2003). Additionally,
it is commonly reported that elements, including YREEs, Cu, Zn, V and As, can partition
between Fe and Mn phases (Li, 1982; Wen, ef al, 1997; Koschinsky & Hein, 2003).
Furthermore, as Fe is the most widely distributed element, having been found associated

with the Fe-oxide phase, the detrital phase (due to its concentration in minerals such as
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pyroxene, amphibole, smectite and spinel), and the biogenic phase (due to its utilisation as
a vital nutrient for marine organisms), those elements strongly associated with Fe can also
display greater geochemical variability and thus, statistically, can seem to not correlate
with a specific mineral phase or group of elements such as U, W, Nb, Bi, and Ba
(Koschinsky & Hein, 2003), illustrated in Figure 6.5 as those elements with generally <60%
geochemical similarity. Additionally, the position of Ba in the HCA may be due to its
associated with another major mineral phase, i.e., reviews on the behaviour of Ba (incl. Ni,
Cd, Cu, Zn) in seawater revealed nutrient-like distributions, indicating strong biological
constraints on its oceanic concentration (Bruland, 1983; Whitfield & Turner, 1987; Li,

1982).

In light of the above cluster 1 likely reflects elements sequestered by MnQ,, cluster 2,
elements associated with the biogenic phase, due to controls on the distribution of organic
ligands (see Bruland, 1989), and; cluster 3, reflects elements sequestered by FeOOH. In
regards to the latter, groups 4 to 6 most likely reflect scavenging by: group 4, mixed Fe-Mn
oxyhydroxide colloids/minerals (becoming progressively more dominated by FeOOH
scavenging from V to Eu); group 5 (Th to Hf), the pure Fe-oxyhydroxide phase (cf.
Koschinsky & Hein, 2003), and; group 6, associated with the background seawater signal
derived from detrital Fe-oxyhydroxides. The reported element speciations in seawater and
element association observed in the authigenic fraction of U1365B-M, are consistent with
those previously reported (Li, 1981; Wen, et al, 1997; Koschinsky & Halbach, 1995;
Koschinsky & Hein, 2003), and are explained by the simple sorption model of Koschinsky
& Hein (2003) who related element associations to the inorganic speciation of elements in
seawater, whereby free and weakly complexed cations, such as Co, Ni and T, are adsorbed
preferentially on the negatively charged surface of MnO,, whereas neutral or anion

complexes bind with the FeOOH phase (see Figure 3.2).

To assess the over-all scavenging of these elements from the water column by Fe-Mn
minerals over the growth history of U1365B-M, and long-term chemical trends, the sum of
the concentration for each element analysed (excluding Fe and Mn) are displayed in
Figure 6.6 in addition to the total growth rate, Mn/Fe, a representative element from each

element group and the percentage of incorporated detrital minerals.
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Figure 6.6 | Geochemically similar element groups of U1365B-M The six groups identified by cluster
and correlation analyses are illustrated by a representative element for each group, and the associated
elements assigned to each group are listed in the axis label. Groups 1 and 2 associated with cluster one
(Mn) are colour coded in hues of purple-pink in addition to the Mn/Fe profile. Group 3 associated with
cluster two are green, and groups 4-6 associated with cluster 3 are progressively darker shades of brown,
indicating the increased correlation (or partial correlation) of these elements with the percentage of
detrital material incorporated into U1365B-M growth structures. The scavenging capacity of Fe-Mn
oxyhydroxides are illustrated by the sum of the total concentration of all elements analysed (excluding
Fe-Mn) and are illustrated in dark blue with the total growth rate in light blue. At the base of the Figure

are the key climate-tectonic-ocean events of the Late Neogene.

Long-term chemical trends

The chemical profile representing the total budget of sequestered elements for the growth
history of U1365B-M (dark blue; Figure 6.n) display a general increase from c. 10 Ma to
present, consistent with decreasing growth rates, which allow additional time for the
sequestration of elements from seawater (Halbach & Puteanus, 1984). Superimposed on
this long-term trend are periods of enhanced chemical scavenging: 12.7 to 12.3 Ma [0.4
Myr duration]; 11.6 to 10.7 [c. 1 Myr duration]; 10.5 to 8.6 [2 Myrs]; 8 to 7.2 [1.3 Myrs]
and maintained at a high scavenging capacity (c. 18000 ppm) for one million years from

7.2 t0 6.3 Ma; 4 to 3 Ma [1 Myrs]; 2.5 to 2 [0.5 Myrs], and; 1.7 to 1 Ma [0.7 Myrs duration].

These periods of enhanced precipitation roughly correlate with cooler climatic regimes
reported for the region, and the intervening periods of reduced chemical scavenging with
relatively warmer climates (Hall, ef al., 2001, 2002, 2003; Hayward, et al., 2004; Joseph, et
al, 2004; Crundwell, et al, 2008; Naish, et al, 2009), such as the sharp decline in
precipitation (from 14,000 to 13,000 ppm), between 10.7 and 10.5 Ma, identified as a
transient warming episode by Holbourn ef al. (2012) in association with peak insolation
during an eccentricity maximum (100 and 400 kyrs). And additionally, the period of
sustained low precipitation (c. 16000 ppm) from 5 to 4 Ma during the Mid Pliocene Warm
Period (MPWP), when average global temperatures were 2-3 °C higher than present and
global sea-levels rose by c. 20 - 25 m in response to the greatly reduced Greenland and
West Antarctic Ice Sheets (McKay, et al, 2012). These glacial (interglacial) enhanced
(decreased) scavenging has been previously noted (e.g., Glasby, 2000; van de Flierdt, ef al,

2004; Xu, et al., 2006; Gonzalez, et al., 2012) and associated with increased (decreased)
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deep sea ventilation through enhanced (reduced) bottom water production, as can be seen
in Figure 6.6, with phases of greater chemical scavenging correlating with periods of
enhanced ACC-PDWBC speeds. High current speeds are reported to impede sediment
deposition and remove any sediment covering the surfaces of FMNs (re-establishing
precipitation) that may have been deposited during phases of reduced current velocity

(Glasby, 1985; Glasby, 2000; Gonzalez, et al., 2012).

Most notable in Figure 6.6 is that the element groups of U1365B-M displays distinct
trends for each nodule zone and subzone. With the exception of zone 3ii and 5ii which
appear to display an additional change in chemistry (unaccompanied by a change in the
physical archive) at 7.2 and c. 3 Ma respectively. The mangophile elements of group 2,
(consisting of U, W, Co, Mn and Mo) display close similarity to the Mn/Fe profile, with
zone 1 of group 2 elements displaying a short pulse in content and during zone 2, a distinct
‘W’ with a peak in content at c¢. 10.8 Ma, before the sharp decline between 10.7 to 10.5 Ma.
From 10.5 (zone 2ii) to mid-way between zone 3ii, at 7.2 Ma, mangophile elements
generally double in their concentration and are maintained at this level of enrichment for a
million years, from 7.2 to 6.3 Ma. Concentrations then decrease slightly around 6 Ma (e.g.,
Mo - 436 to 400 ppm) and are then maintained about this concentration throughout the
Pliocene until the mid-Pleistocene at 2.5 Ma. From 2.5 to 1 Ma, mangophile elements near

double in concentration once more to a broad peak between c. 1 and 0.3 Ma.

Group 2 elements (Ni, Cd, Tl) show the same variations in element concentrations at a
variable magnitude and differ from group two elements during the mid-Pliocene at c. 4
Ma, when element concentrations that had been previously maintained at low
concentrations (e.g., Ni — at c. 2000 ppm) increase three-fold from 4 to 1 Ma, over the
transition from a warm Pliocene to a cold Pleistocene ocean. The group three elements, Cu
and Zn, predominantly suggested to be associated by biological activity due to their
complexation with organic ligands (Li, 1982; Hein, et al, 1992; Wen, et al., 1997;
Koschinsky & Hein, 2003; Little, et al., 2014), are strongly associated with group one
elements from 4 Ma to present. The 4 Ma time marker is a pivotal point for these elements,
marking the point in time when general long-term chemical trends are reversed. Prior to 4
Ma, group 3 elements closely approximate the profile for the percentage of incorporated

detrital grains for U1365B-M. This association may be correlative or causal, in the case of
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the latter a potential explanation could be the association of enhanced biological activity in
oceanic surface waters in association with the delivery of aeolian fluxes and supply of bio-
available elements (Martin, 1990; Jickells & Spokes, 2001; Jickells, et al., 2005; Raiswell, et
al., 2008).

The cluster three elements associated with FeOOH, are distinctly different to the
mangophile and biogenic element groups. Group 5 elements (Nb, Fe, Bi, Th, Lu, Y, Yb, Zr,
and Hf) display the greatest similarity to groups 1-3 due to the distinct ‘W’ in the shape of
the chemical profile across zone two. However, for group 1 and 2 element concentrations
of this zone are low (e.g., the lowest concentrations for Mo are reported at c. 10.5 and 12
Ma; c. 245 ppm), whereas for group 5 elements, this is where the highest concentration are
recorded (consistent with the highest concentrations of Fe c. 25 %) and they decline
thereafter in a series of steps from 9.3 to 8.5 Ma, (separated by a period of relative stability
9.5 to 6 Ma), 6.3 to 5.7 Ma, (a period of relative stability from 5.7 to 4 Ma), and then
display a reversal in trends - similar to group 3 elements - whereby concentrations increase
between 4 and 3 Ma, in association with the relatively warmer climates of the Pliocene
(Haywood, et al.,, 2009) and are roughly maintained 3 to 1 Ma, as Northern hemisphere
glaciation established permanent ice in the Arctic over this period (Cronin, 2010;
O’Reagen, et al., 2011), and then rapidly decrease thereafter. Groups 4 and 6 show very
similar profiles to the group 5, with only slight variations, such as the sharp decrease in
concentrations of group 4 elements c. 12 to 11 Ma, and the strong association of group 6

elements with percentage detrital incorporation from 8.5 Ma.

Thus, the cold Miocene ocean is characterised by higher concentrations of groups 3-6
(the FeOOH cluster) with groups 1-2 displaying low concentrations. A significant change
in ocean chemistry occurs between ¢.10 to 7 Ma, where groups 1, 2, and 4 increase, but
groups 3, 5, 6 decrease. Group 3 displays a reversal in long-term chemical trends at 4 Ma.
However, groups 4-6 display a reversal in chemical trends 2 Myrs earlier at 6 Ma. All
element groups display an increase in concentration during the mid-Pliocene warm period
(c. 4 to 3 Ma). The final significant shift in over-all chemistry occurs for the group 1-3
elements where concentrations increase significantly from 4 to 1 Ma. These changes in the
direction of chemical trends during growth of U1365b-M for the various groups of

elements (geochemically similar and thus controlled by similar processes in the marine
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environment) probably reflect variations in oceanographic conditions. Wen et al. (1997)
proposed that element concentrations generally reflect local environmental influences on
the supply of said elements. The elements composing the Fe-Mn minerals of U1365B-M,
may be sourced from local (sediment-water interface), regional (New Zealand) or global

(PDWBC and mixing within the ACC) sources (e.g., Glasby, 2000).

Paleosource

On a regional scale, elements may be derived from the surrounding New Zealand landmass
via riverine, aeolian and volcanic processes, contributing to the background seawater
chemistry (hydrogenous), in addition to supplying a flux of detrital minerals to the deep
sea. Paleo-seawater lead isotopes are often employed to identify regional source
contributions from various continental (and MORB) provinces (e.g. Chen, et al., 2013; van
de Flierdt, et al., 2003). The provenance of Pb may be of regional crustal sources or mixed
advected Pb signals (Frank, 2002; van de Flierdt, et al, 2003). However, due to the
relatively short oceanic residence time of Pb (50 - 100 years; Henderson & Maier-Reimer,
2002), it is usually assumed that isotopic variations would reflect local contributions from

the nearest landmass, in this case, New Zealand.

Riverine sources

The influence of riverine sources on the Pb budget of seawater is, in general, disputed and
poorly understood. On one hand, the magnitude of the flux of particulate matter from
rivers entering the oceans is enormous (Milliman & Meade, 1983; Milliman & Syvitski,
1992; Syvitski, et al., 2003) and considered the principle mechanism by which oceanic
waters and marine sediments derive their geochemical compositions (Carey, et al., 2002).
On the other hand, the fraction of dissolved or particulate Pb that escapes beyond near-
coastal traps is assumed to be minor. Few geochemical data exist from these sediment-
producing environments and so the actual contributions are poorly constrained (e.g.
Turekian, 1977; Duce, et al., 1991). In the case of New Zealand’s South Island, sediments
are transferred from the continental shelf to the abyssal seafloor along deep submarine
channels (Carter, et al, 1996). The most southerly conduit, and most likely source of

terrigenous sediments to the CNF, is the Solander Channel however, the Solander Channel
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was a prograding fan complex for most of U1365B-M growth history and therefore, it is
unlikely that riverine sources present a dominant source of elements to the CNF. Pb
isotope compositions of Torlesse schists and Kermadec-Hikuarangi margin sediments are
illustrated as a grey field in Figure 6.7. The field forms an array that is parallel to Pb
compositions recorded in U1365B-M, but with lower *®*Pb/***Pb and **’Pb/***Pb ratios at
any given **Pb/**Pb. If New Zealand sediments had contributed a dominant source of Pb
to U1365B-M, then the well-defined mixing arrays (Figure 6.7) would lie somewhat
perpendicular to their current position, indicating New Zealand sediments as a potential
mixing end-member. However, the Pb-Pb mixing array from 1.7 to 0 Ma, plots
perpendicular, between that of relatively unradiogenic seawater Pb (Zone 1; 12.7-11.9 Ma)
and the Torlesse Metasediments Field for New Zealand sediments. This would be
consistent with the increased rates of physical and chemical weathering characteristic of G-

I cycles of the Pleistocene.
Aeolian sources

Recently, it has been proposed that Pb loosely bound to aeolian silicate dust has exerted the
principal control on the seawater Pb isotopic signature for water masses, especially for
remote oceanographic regions such as the North Central Pacific (Jones, ef al., 2000; Pettke,
et al, 2002; Erhardt, et al, 2013). New Zealand has the second most extensive loess
deposits in the Southern Hemisphere (second only to Argentina; Berger, ef al., 2002), with
sequences on the South Island up to 18 m thick (Berger, ef al, 2002), thus making it a
potentially important source of Pb in U1365B-M. Dust records for the Southwest Pacific
are essentially lacking and few data exist for estimating contributions of the New Zealand
(South Island) loess fields to the aeolian flux to the South Pacific region (see Rea, 1994).
However, quaternary ice-core dust records from Antarctica suggest wide dispersal and
circulation of mineral dusts from Australia and New Zealand (Delmonte, et al., 2004;
Grousset & Biscaye, 2005; Revel-Rolland, ef al, 2006). These observations were also
confirmed from a late Miocene dust record extracted from Marlin Rise sediments
(MV0502-01JC) in the Southwest Equatorial Pacific (Stancin, ef al., 2008). In addition to
the Torlesse and Kermadec-Hikuarangi margin sediments, plotted in Figure 6.7 is a field
representing the Pb isotopic composition of Australian-New Zealand loess derived from

Stancin, ef al. (2008). This field overlaps the Pb isotope excursion at 9.5 Ma and exhibits an
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Figure 6.7 | Pb-Pb mixing plots of U1365B-M and regional, riverine, aeolian, sources of Pb from

New Zealand. Three-isotope plots of (a) 2’Pb/**Pb vs. 2*Pb/**Pb and (b) **Pb/***Pb vs. **Pb/***Pb

extremely comparable Pb isotopic composition **Pb/**Pb = 18.937, *"Pb/**Pb = 15.659
208pp/204ph = 38.955 (Stancin, ef al., 2008) to that recorded in U1365B-M 2°Pb/>*Pb =
18.934, 27Pb/*™Pb = 15.659 ***Pb/***Pb = 38.982. Thus, an aeolian source of Pb is the most
likely cause for the excursion at 9.5 Ma, and shift to lower **Pb/***Pb and *Pb/***Pb values
for any given **Pb/**Pb, from c. 10 to 8.4 Ma indicating increased aeolian contributions to
the deep sea during this period. In support of this, Stein & Robert (1985) noted an increase
in the flux of New Zealand derived iolite on the Lord Howe Rise starting at c. 9 Ma and

suggested that late Cenozoic cooling was responsible for the increased flux of loess.
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Furthermore, at 9.5 Ma U1365B-M records an increased flux of detrital sediments and
large detrital grains are visible in the BSE profile (Figure 5.5). This coincides with an
increase in aeolian grain size recorded for both Marlin Rise sediments (Stancin, ef al.,
2008) and ODP Leg 92 in the Southeast Pacific (Rea and Bloomstein, 1986) and potentially
supports the findings of Rea & Bloomstein (1986) for a more energetic atmospheric
circulation commencing at about 10 Ma, coincident with ice build-up on Antarctica and a

subsequent decrease in sea level.
Volcanic sources

Hot spot volcanism began to penetrate the Campbell Plateau in the Middle Miocene (c. 19
- 12 Ma) associated with volcanism of the Ross and Carnley Volcanoes of the Auckland
Islands, from then onward the following volcanic events took place: (i) a Late Miocene
shift in the locus of volcanism to Campbell Island, “°Ar/*Ar dated by Hoernle, et al.
(2006) at c. 7.5 Ma, falling within the Kr/Ar range of 6.5 — 8.5 Ma (Adams, et al., 1979); (ii)
Chatham Island volcanism resumed between c. 6 and 2.6 Ma; (iii) volcanism on Pukaki
Rise occurred between 3.3 and 3.7 Ma; (iv) Solander Island, became active during the early
Pleistocene (c. 1.4 Ma) and; (v) the Antipodes Islands emerged in the late Pleistocene (0.5 -
0.25 Ma; Cullen, 1969). The isotopic excursions at 8.4 Ma (U1365B-M) and 7.5 Ma
(U1365B-2) coincide with the timing of volcanic activity on Campbell Island. Additionally,
spikes in ?”Pb/**Pb recorded in U1365B-2 at ¢. 0.3 Ma, 1.2 Ma and 4 Ma occur about the
timing of volcanism on: the Antipodes Islands, Solander Island, and Pukaki Rise,
respectively (Figure 5.13). It is clear from the proceedings of the RV Tangeroa, that
volcanic detritus plays an important role in the formation of nodules, with many
having nucleated around volcanic debris and some of the highest density nodule facies
occur immediately south of the Antipodes Islands (Chang, et al., 2003; Wright, ef al.,
2005). Plotted in Figure 6.8 (a) are 2’Pb/**Pb vs. 2*Pb/*™Pb ratios for U1365B-M,
Australian-New Zealand loess, the Subantarctic Islands and other proximal volcanic
samples. In Pb-Pb space compositions of the Subantarctic Islands encompass a far broader
range of compositions than U1365B-M and form a sub-parallel array at higher *°Pb/?*Pb

for a given *”’Pb/**Pb ratio.
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Figure 6.8 | Pb-Pb mixing plots of U1365B-M and local or advected volcanic sources Three-isotope
plots of (a) 2”Pb/?*Pb vs. 2°Pb/?**Pb and (b) ***Pb/**Pb vs. ***Pb/***Pb. Data derived from Timm, ef al.,

(2010) for (a) and (b) with MORB values taken from Christiansen, et al (1997).

In addition to local volcanic sources, hydrothermal Pb derived from advected Mid-Ocean
Ridge Basalts (MORB) may also contribute to the Pb budget of the ACC-DWBC. Pacitic
MORB is known to be transported considerable distances (~1000 km) in particles carried
by hydrothermal plumes (Barrett, ef al., 1987) however the degree to which Pb is dissolved
and transported within general ocean circulation is unclear. In figure 5.n the average Pb
composition of Atlantic, Indian and Pacific Ocean MORBs are plotted in addition to the
components of Figure 6.8 (b). From c. 13 Ma to 1.7 Ma Pb compositions (on average) sit

along a mixing array that trends toward Indian MORB compositions, as is commonly
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observed for Indian FMNs and crusts (e.g. Vlastélic, ef al., 2001). In contrast, from 1.7 Ma
to present the average Pb-Pb mixing array sits between Atlantic and Pacific MORB, as is
commonly observed for Pacific FMNs and crusts (e.g. Christensen, ef al., 1997). The fact
that FMNs and crusts show Pb compositions that generally trend toward their respective
MORB compositions indicates that MORB-derived Pb may be contributing a dissolved
component to seawater. Thus, the respective MORBs present a potential end-member
source of Pb in U1365B-M. Additionally, these results indicate that Indian MORB may
have played a more significant role from 13-1.7 Ma, and Atlantic-Pacific MORB from 1.7

Ma to present.

In terms of the evolution of Pb isotope ratios, MORB contributions only go part way to
explain the Pb signature of Ul1365B-M. One important point is that **’Pb/**Pb
compositions are on average > 15.6. To derive this radiogenic composition requires Pb
derived from the erosion of uranium rich (and thorium rich) upper crustal rocks (van de
Flierdt, et al., 2004). Hence, a proportion of the Pb must be derived from old continental
material. As the Pacific Ocean is surrounded by young Circum-Pacific Arcs (including
New Zealand; Chen, ef al., 2013), old continental material must be advected to the nodule
growth site from further afield via ocean currents. Hence, it is reasonable to assume that
the two dominant end-members of Pb are: (i) hydrothermal and/or recycled lead of

volcanic origin and (ii) erosion-averaged crustal lead.

As the arrays of U1365B-M trend toward different MORB compositions for different
time slices, this suggests that Pb derived from Indian, Atlantic and Pacific MORB (or their
respective water masses), is mixed and transported within the ACC at varying degrees for
specific periods of time. Thus, the Pb isotopic compositions of U1365B-M likely reflect
fluxes in the export of NADW (18.9 to >19.0 2*Pb/***Pb), IODW (18.9-18.7 2*Pb/***Pb)
and NPDW (18.7 to <18.6 2Pb/**Pb) to the Southern Ocean from the late Middle
Miocene to the Quaternary (13 to 1.7 Ma) (*®Pb/**Pb values; Abouchami & Goldstein,
1995; Frank, et al., 2002). To ascertain potential Pb sources advected from NADW, NPDW
and IODW the isotopic distributions of: (1) Atlantic river sediments, (2) the southernmost

Circum-Pacific Arcs and; (3) High Himalayan gneisses, are illustrated in Figure 6.9.
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Figure 6.9 | Pb-Pb mixing plots of U1365B-M and global provenance Comparison of Pb isotope
signatures recorded by U1365B-M, circum-antarctic FMNs and FMNs from the Southwest Pacific and
Atlantic Oceans with those of potential source rocks of Circum Antarctic Arcs and Atlantic river
sediments in *’Pb/*™Pb vs. 2Pb/**Pb space. A Himalayan source has been excluded based on the
detailed assessment of Pb sources in the Indian Ocean by Vlastélic, et al. (2001) who could not trace the
erosion protects of the Ganges-Brahmaputra into the Southern Indian Ocean. The fields representing

potential source rocks were constructed using the GEOROC geochemical database.

Overall, the Pb isotopic compositions of the different arcs and sediments each show a
wide range of compositions and largely overlap. Thus, it is not possible to distinguish
elemental Pb contributions from each provenance based on their Pb isotopic signatures.
However, of all the potential source terrains, Himalayan gneisses, Andean Arc and Atlantic
sediments are characterised by high *Pb/**Pb, whereas the Northwest Pacific arcs
generally have lower *Pb/?*Pb. So a broad assumption can be made that the Pb signal
advected in the PDWBC is a composite of old continental weathering products derived

from NADW-IODW and eroded material from young Circum-Pacific Arcs from NPDW.

This assumption is supported by findings of Abouchami & Goldstein (1995), who
studied Pb isotopic composition of a suite of circumpolar FMNs. They noted that FMNs in
the eastern Atlantic had highly radiogenic Pb signals that become stronger into the Indian

sector of the Southern Ocean (interpreted to reflect NADW) and reported the most
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unradiogenic signatures in the eastern Pacific Ocean (Figure 6.10). Using the Pb
provenance fields of Figure 6.9, this could reflect the introduction of Andean and Atlantic
sediments are characterised by high *Pb/**Pb, whereas the Northwest Pacific arcs
generally have lower *”Pb/?**Pb. So a broad assumption can be made that the Pb signal
advected in the PDWBC is a composite of old continental weathering products derived

from NADW-IODW and eroded material from young Circum-Pacific Arcs from NPDW.

This assumption is supported by findings of Abouchami & Goldstein (1995), who
studied Pb isotopic composition of a suite of circumpolar FMNs. They noted that FMNs in
the eastern Atlantic had highly radiogenic Pb signals that become stronger into the Indian
sector of the Southern Ocean (interpreted to reflect NADW) and reported the most
unradiogenic signatures in the eastern Pacific Ocean (Figure 6.8). Using the Pb
provenance fields of Figure 6.7, this could reflect the introduction of Andean and Atlantic
weathering products via NADW and the increasingly radiogenic signature may reflect
contributions from Himalayan erosional products via IODW, as the ACC approaches the
Ganges & Bengal fan complex. Additionally, the progressively unradiogenic signature
eastward across the Pacific Ocean, may reflect contributions from young Circum-Pacific

Arc volcanism and the East Pacific Rise.

The inability to be any more specific on the provenance of Pb to the oceans confirms
the original findings of Chow & Patterson (1959), who stated that “the oceans serve as
collecting and mixing reservoirs for leads... derived from vast land areas... [reflecting]
large continental segments”. Thus, modern water masses can be identified based on their
geographically constrained ‘crustal average’ Pb compositions. Isotopic ratios from the
outer layers of U1365B-M are representative of present day PDWBC ¢LDCW (**Pb/**Pb
= 18.8) and fall between those of radiogenic NADW (e.g. *Pb/**Pb = 19.3; Frank, ef al,
2002) and unradiogenic NPDW (e.g. 2%Pb/*™Pb = 18.5; van de Flierdt, et al., 2003), with
IODW sharing a comparable Pb signature. Thus, variations in the composition of ELDCW
Pb over the past 13 Ma most likely record fluxes in the export of NADW and NPDW to the
ACC-PDWBC. The water mass mixing history of the PDWBC, over the growth history of

U1365B-M, is discussed in relation to Paleocirculation proxies.
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Figure 6.10 | Pb-Pb mixing plots of U1365B-M and surface scrapings of Circum-Antarctic FMNs
Comparison of Pb isotope signatures recorded by U1365B-M, with circum-antarctic nodules

(Abouchami & Goldstein, 1995)

In addition to the delivery of regional sourced elements vertically through the water
column and elements supplied to the nodule growth site by lateral advection (as indicated
by Pb isotopic compositions), FMN geochemistry and thus the physical and chemical
archives are also strongly controlled by variable element sources at the sediment-water
interface. Here, FMN geochemistry is generally controlled by the ratio of hydrogenetic to
diagenetic components and whether the diagenetic component results from oxic or
suboxic diagenesis, with the boundary generally defined as 5 uM oxygen concentration
(Dymond, et al., 1984; Glasby, 2000). Additionally, FMNs in proximity to hydrothermal

vents derive their elements from vent fluids (Chen & Owen, 1989; Glasby, 2000). Figure
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6.11 presents a ternary plot of Fe-Mn-(Co+Ni+Cu), commonly used to determine the
relative contributions of hydrothermal, diagenetic, and hydrogenous element sources (e.g.,
Bonatti, et al., 1976; Halbach, et al., 1981; Hein, et al., 1994). U1365B-M samples plot

within the hydrogenous end-member field (Figure 6.n; grey field).

Hydrogenous ~ U1365B-M Oxic Suboxic  Hydrothermal (Co+Ni+Cu) x 10 Subzone Ages (Ma)
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Figure 6.11 | Mode of FMN U1365B-M formation. A ternary plot of Fe-Mn-(Co+Ni+Cu), developed
by Bonatti, et al. (1972; 1976) and modified by Halbach, ef al. (1981) to incorporate the Mn/Fe ratio as
an indicator of hydrogenetic and diagenetic contributions (black and grey arrows), a commonly used
method in identifying proximal sources. The three-end member fields of: (a) hydrogenous (grey); (b)
diagenetic (red), and; ¢) hydrothermal (yellow) modes of formation, were adopted from Hein, ef al.
(1994). Additional fields were constructed from Antarctic FMNs (turquoise; Ohta, ef al., 1999) and
Pacific FMNs (purple; Calvert & Price, 1977; Halbach, ef al., 1981; Dymond, et al., 1984; Calvert, et al,
1987; Guo & Sun, 1992; Graham, et al., 2003a). A colour coded table, according to the colours assigned
to each end-member field and U1365B-M, list the characteristic features of each dominant mode of

formation (see Glasby, 2000).

The plotted parameters display three distinct clusters for the growth history of U1365B-
M: (1) the older section of the nodule, zones 1 to 3 ii (12.7 to c. 8 Ma), are characterised by
low Mn/Fe values (0.5) and Co+Ni+Cu x 10 (c. 5 wt%) which are more comparable with
present day Antarctic hydrogenous FMNs (Ohata, et al, 1999; Figure 6.11; turquoise
field); (2) the mid-section of the nodule, zones 3ii to 5iii (c. 8 to 1 Ma), are characterised by
elevated Mn/Fe values (c. 0.8) and Co+Ni+Cu x 10 (c. 8 wt%) which are more closely
related to values reported for Pacific hydrogenous FMNs (Calvert & Price, 1977; Halbach,
et al., 1981; Dymond, et al., 1984; Calvert, et al., 1987; Guo & Sun, 1992; Graham, et al.,

2003a), and; (3) the youngest section of the nodule, zones 5iii to 5iv (c. 1 Ma to present), are
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characterised by the highest Mn/Fe values (c. 1.2) and Co+Ni+Cu x 10 (c. 11 wt%)
measured for U1365B-M, although high values, these samples remain within the field of
hydrogenous precipitation, thus, from 12.7 to c¢. 8 Ma U1365B-M displays Mn/Fe and
Co+Ni+Cu contents comparable to present day Antarctic FMNs. However, from c. 8 Ma
onward U1365B-M is more comparable with Pacific FMNs. Additional physiochemical
parameters used for discerning the mode of nodule formation are presented in Figure 6.11
and provide further evidence for U1365B-M having acquired its geochemical composition
from the direct precipitation of elements from seawater. Furthermore, these geochemical
parameters are lower, by a factor of five, to those listed for FMNs characterised by oxic

diagenesis.

Despite physical (e.g., spherical shape) and chemical (e.g., Mn/Fe) characteristics of
U1365B-M, attesting to a hydrogenous mode of formation, Aplin & Cronan (1985) argued
that no nodules resting on or in marine sediments can be considered entirely hydrogenous.
Moreover, Jung & Lee (1999) suggested that the vast majority of FMNs grow episodically
under the influence of oxic diagenesis, when elements such as Mn (and its associated
transition elements e.g., Cu, Ni and Zn) become re-mobilised within reducing pore fluids
and enriched within FMNs during intermittent periods of faster abyssal currents, capable
of reworking seafloor sediments. To assess the degree to which oxic and suboxic diagenesis
may have contributed remobilised elements to U1365B-M, the data for Mn/Fe and Ni+Cu
(wt %) are compared with FMNs (hydrogenous and diagenetic) from the Clarion-
Clipperton Fracture Zone (blue upper curve; Figure 6.12(a)) and Peru Basin (red lower
curve; Figure 6.12(a)). Evident in Figure 6.12 (a) & (b), is that oxic diagenesis has
contributed comparatively little remobilised elements to U1365B-M, which is positioned
within the hydrogenous region of the graph (with Mn/Fe values of about unity).
Additionally, the oxygen concentration of the PDWBC must have remained > 5 uM for the
growth history of U1365B-M, as the data points plots to the far left of the turning point on
the hyperbolic regression curve, suggested by Halbach, et al. (1981) as indicating the onset
of suboxic diagenesis. However, the three clusters identified in Figure 6.5 (also see Figure
6.6), do display a stepped increase in Mn/Fe values (Figure 6.12(c)) and Co-Ni-Cu
contents, which are indicative of increased contributions from diagenetically remobilised

elements (e.g., Mn, Ni, Cu; Halbach, et al., 1981; Glasby, 2000).
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Figure 6.12 | Contributions from oxic and suboxic diagenesis. (a) Hyperbolic regression curves of
Ni+Cu against Mn/Fe for FMNs from the clarion-Clipperton Fracture Zone region (upper curve; blue)
and Peru Basin (lower curve; red) (after Halbach, et al., 1981) with a Mn/Fe value of 5 indicating the
transition between oxic and suboxic diagenesis. (b) Ni+Cu against Mn/Fe for FMN U1365B-M
indicating the three clusters identified in the Fe-Mn(Co+Ni+Cu x10) ternary diagram. (c) Mn/Fe against
age, illustrating 5-6 Myr periods of relatively constant Mn/Fe values (clusters 1-3) separated by
transitions to higher Mn/Fe values from ¢. 8 Ma to 7 Ma and c. 2 to 1 Ma.

Paleoproductivity

The observed decrease in Ni and Cu contents at Mn/Fe values > 5, has been suggested,
since the initial work of Halbach, ef al., (1981), to be related to biological activity in ocean
waters above FMN growth sites. Halbach, ef al., (1981) found that FMNs that fall within
the suboxic zone of Figure 6.12 where those collected from below the equatorial zone of
high biological activity. Here, Halbach, ef al. proposed decomposing organic matter results
in a decrease of the redox potential within the uppermost part of the underlying sediment
column, which promotes the mobilisation of Mn** hence FMNs from this region grow
faster and are enriched in Mn whilst depleted in Ni and Cu. The hydrogenous nature of
U1365B-M may thus be related to the low biological productivity of the surface waters of

the Southwest Pacific basin, in comparison to the Clarion-Clipperton Fracture Zone and
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Peru Basin (Glasby, 2000). In regards to the supply of Mn and Fe oxyhydroxides to
U1365B-M (Figure 6.12(c)), primary productivity is considered the principal regional
environmental control (Halbach & Puteanus, 1984; Verlaan, et al., 2004): (a) through
controls on the ‘rain’ to the seafloor of biogenic detritus, and thus diagenetic enrichment
(e.g., Mn) or depletion (e.g., Ni, Cu) of certain elements (see above); (b) through position
of the Carbonate Compensation Depth (CCD; 4200 - 4500 m, Southwest Pacific; Verlaan, et
al., 2004) below which, the dissolution of carbonate plankton tests form the primary
control on the delivery of Fe, and; (c) through physiochemical controls on depth of the
Oxygen Minimum Zone (OMZ; UCDW c. 1500-2500 m; Hayward, ef al., 2004), which
forms the primary control on the delivery of Mn to the deep ocean. Additional controls

involve abyssal current speeds and corrosiveness (Hein, ef al., 1992).

The search for chemical proxies of biological activity, persevered in deep-sea sediments,
has continued for many years. Concentrations of organic carbon, calcium carbonate and
opal have collectively and individually been used to infer past changes in biological
productivity (e.g., Farrell, ef al., 1995; Diester-Hass & Ness, 2004; Diester-Hass, ef al., 2004;
Hayward, et al, 2004; Kuhn, ef al, 2004). These studies have revealed two major
paleoceanographic events of global extent for the Late Neogene: a carbonate crash event -
sharp depression in carbonate concentrations related to strong dissolution events between
12 and 9 Ma (11 to 7 Ma for the Southwest Pacific east of New Zealand; Hayward, ef al.,
2004) and biogenic bloom event — an increase in marine biological productivity between 7
and 4 Ma (7 to 6 Ma for the Southwest Pacific east of New Zealand; Hayward, ef al., 2004).
Alternative chemical tracers such as Ba (e.g., Dymond, et al., 1992; Pfeifer, et al., 2001),
Cd/Ca (Jarvis, et al., 1994; Henderson, 2002) and Th/Ba (e.g., Fagel, et al., 1997), have been
increasingly explored as proxies of paleoproductivity. However, there has been limited
application of these proxies for unravelling past productivity changes from FMN

geochemistry.

In the case of Ba, the formation of authigenic barite in surface water has been related to
bio-induced processes and high barium concentrations have been observed in seafloor

sediments underlying regions of high biological activity (e.g., Dymond, 1986; Gingele &
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Dahmke, 1994; see also Tribovillard, et al., 2006). The use of authigenic Ba (Baexcess) as a
paleoproductivity proxy has the underlying assumption that changes in Bacxess are directly
and predicable related to productivity. However, as many studies have eluded, Ba may be
contained within many different mineral phases, some of which are biologically associated
(e.g., carbonates, organic matter, barite) and others which may not be directly or primarily
related to biological activity (such as ferromanganese oxyhydroxides and terrestrial
material) (Dehairs, et al., 1980; Dymond, ef al., 1992; Gingele and Dahmke, 1994;
Schroeder, et al., 1997; McManus, ef al.,, 1998; Rutten and de Lange, 2002; Gonneea &
Paytan, 2006). Thus, as Ba concentrations are strongly correlated with the Fe-oxide phase
of U1365B-M, related to the background seawater signal derived from terrigenous fluxes
(Figure 6.5), Ba concentrations are presented in Figure 6.13 (a) but not assessed alone as a
paleoproductivity proxy. In addition to authigenic Ba concentrations, the association of
high Ba/Th values with high productivity, identified by Fagel, et al, (1997), was also

applied to U1365B-M and illustrated in Figure 6.13 (b).

Utilising element associations of U1365B-M, as Cu and Zn where identified as being
associated with the biogenic phase (and Wen, et al. (1997) emphasised the application of
element ratios for identifying regional or basin-wide processes), Zn/Cu values are also
presented in Figure 6.13 (c) and considered as a proxy for the vertical flux of organic
ligands, as Zn is more weakly complexed in comparison to Cu, intuition dictates that an
increase in Zn/Cu indicates increased availability of organic ligands (e.g., Coale & Bruland,
1988; Bruland, 1989; Little, ef al., 2014). Furthermore, Ba/Cu values are presented (Figure
6.13(d)), as increased concentrations of these elements are reported in the literature to be
associated with surface water productivity (principally Ba; e.g., Dymond, et al., 1992) and
organic decomposition on the seafloor (principally Cu; e.g., Halbach, et al, 1981).
Additionally, a Mn/(Ni+Cu) has been calculated to represent the relationship identified by
Halbach, et al., 1981 whereby, high biological activity results in increased abundance of

Mn and decreased Ni+Cu contents (Figure 6.13(e)) (generally in FMNs with Mn/Fe >5).
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Figure 6.13 | Paleoproductivity proxies of U1365B-M as record of relative changes in biological
activity throughout the late Neogene (a) displays the paleoredox proxy of authigenic Ba, reported to be
associated with inorganic minerals produced as a by-product of high biological activity, (b) Ba/Th
utilising the relationship identified by Fagel, et al, (1997) with high values associated with high
biological activity, (c¢) Zn/Cu, utilising the element associations identified in Figure 6.5 and published
suggestions of these elements increasing in concentration in association with an increased flux of
organic ligands through the water column (e.g., Little, et al., 2014), (d) Ba/Cu, , utilising the element
associations and reports of their associations in the literature, (¢) Mn/(Ni/Cu) to indicate the
relationship between the release of these elements via oxic diagenesis to the background seawater
chemistry with high values recorded in response to increased productivity and subsequent
decomposition at the sediment-water interface, and the Mn/Fe ratio illustrating Fe-Mn fractionation in
association with changes in the depth of the CCD, in addition to annotations from regional changes in
biological activity, depth of the CCD and establishment of the OMZ (Hayward, et al., 2004). At the base

of the Figure key climate-tectonic-ocean events of the Late Neogene are illustrated.

The aforementioned geochemical parameters, plotted in Figure 6.13 as Mn/Fe values
and paleoproductivity proxies, show good correlation with biological events previously
reported for the region (Southwest Pacific, east of New Zealand) from benthic foraminifera
proxies of late Neogene paleoceanography (Hayward, ef al., 2004; annotated on Figure
6.13), and further afield. Firstly in regards to the fractionation of Fe-Mn oxyhydroxides
(Mn/Fe; Figure 6.13(a)), the chemical plateau signifying stable Mn and Fe delivery to
U1365B-M, at a relatively constant and low ratio (c. 0.5), from 12.7 to 8.4 Ma (zone 1 to
3ii), indicate a high Fe flux (c. 22 wt %) as a result of significant dissolution of calcareous
tests (Halbach, ef al, 1984; Glasby, et al., 2000; Hein & Koschinsky 2013). This is
consistent with reports of maximum corrosive abyssal currents for the study area (Joseph,
et al., 2004; McKay, et al., 2014) and the shallowest CCD and lysocline for the New
Zealand region (Hayward, ef al., 2004; 11 — 7 Ma), for South of Tasmania (Diester-Haass &
Nees, 2004; 11 — 9.6 Ma), for the Central Pacific (van Andel, et al., 1975; Halbach, ef al.,
1984; 11 - 6 Ma), equatorial Pacific (Farrell, ef al., 1995; 12 - 9 Ma) and Southeast Atlantic
Ocean (Diester-Haass & Nees, ef al., 2004; 9 — 7 Ma). These authors note that during this
period, paleoproductivity proxies display a significant ‘carbonate crash’ in response to
rapid development of Antarctic ice-sheets and onset of corrosive AABW formation over
this period and thus this carbonate crash also correlates with global Neogene Hiatus NH5
(10 to 9 Ma; Barron & Keller, 1989) and Miocene oxygen isotope excursion Mi6 (Miller, ef

al., 1991). From zones 1 to the termination of zone 2, all paleoproductivity proxies indicate
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a reduction in biological productivity with some of the lowest values being reached
between 10 and 9.5 Ma (e.g., Ba decreases by c. 1000 ppm between 12.7 and 9.5 Ma). This
is highly comparable with the carbonate crash event reported for South of Tasmania (10 to
9.6 Ma; Diester-Haass & Nees, 2004). A rapid but short-term rise in paleoproductivity is
illustrated most clearly in the Mn/(Ni+Cu) curve at 11.6 to 10.6 correlating with a period

of relative climatic warmth (Kennett & von der Borch, 1986; Cronin, 2010).

Returning to the Mn/Fe time-series, from c. 8.4 to 7.2 Ma (throughout zone 3ii), Fe
concentrations decrease (22 to 19 wt %; indicating reduced carbonate dissolution) and Mn
is enriched (11 to 16 wt %; indicating initial development of the OMZ). This 1 Myr
transition phase to a new stable, higher Mn/Fe of c. 0.8, is associated with increased
AABW production and current speeds (Hayward, ef al., 2004; McKay, et al., 2014) and a
significant deepening of the CCD (and lysocline; Hayward, ef al., 2004). At c. 7.2 Ma when
Mn/Fe values reach a new higher equilibrium, paleoproductivity proxies all show a
decrease in values (to varying degrees), consistent with the reported influx of cool AABW,
before increasing from c. 7 to a peak at about 4 Ma consistent with warming climatic
conditions and peaking during the Mid-Pliocene Climate Optimum (Kennett & von der
Borch, 1986; Cronin, 2010) (however this is not reflected in Ba ppm). The timing of this
biogenic bloom is consistent with those reported for the New Zealand region (Hayward, et
al., 2004; 7 - 6 Ma), for South of Tasmania (Diester-Haass & Nees, 2004; 7 — 6.5 Ma), for
the Central Pacific (van Andel, et al., 1975; Halbach, et al., 1984; 6 - 4 Ma), equatorial
Pacific (Farrell, et al., 1995; 7 — 4 Ma) and Southeast Atlantic Ocean (Diester-Haass &
Nees, et al., 2004; 7 — 6 Ma). These researchers have associated this biogenic bloom with
increased nutrient availability in the oceans associated with: (a) stratification of the
Southern Ocean and establishment of the modern OMZ within UCDW (c. 1500 - 2600 m
for the New Zealand region Hayward ef al., 2004 and Southwest Pacific Ocean; Verlaan, et
al., 2004); (b) NADW export to the Southern Ocean with properties comparable to present
day and thus establishment of modern thermohaline circulation, inferred from world-wide
decrease in §13C content of benthic foraminifera (Bender & Keigwin, 1979; Kennett & von
der Borch, 1986; Cronin, 2010). From c. 6 - 7 to 1 Ma, the 5 - 6 Myr period of stable Mn/Fe
values is associated with stable CCD and lysocline depths and relatively strong abyssal

currents until ¢. 3 to 1 Ma when, during late Pliocene cooling association with WAIS ice
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sheet expansion and northern hemisphere glaciation (Kennett & von der Borch, 1986;
Cronin, 2010; McKay, ef al., 2012), the OMZ and CCD extended deeper (Hayward, ef al.,
2004). All proxies, except for Zn/Cu, generally show a corresponding decrease in
productivity since ¢. 4 Ma and especially since c. 1 Ma. The 6 Ma time marker of
significant oceanographic change was noted in the physical archives of U1365B-M by the
presence of an erosional hiatus and significant change in texture between zones 3 and 4.
As noted in the previous section, this change in nodule accretion, from which point the
growth rate of U1365B-M (and FMNs from the Pacific, Atlantic and Indian Oceans see
Segl, et al., 1989) decreases from c¢. 6 mm/Ma (12.7 to c. 6 Ma) to 3.5 mm/Ma (c. 6 to 1
Ma). Additionally, this basin wide phenomenon is recorded in a change from mottled and
cuspate microstructures into more structured columnar and laminated growth, inferred to
reflect increased frequency and cyclical of G/I climatic changes (Glasby, ef al., 1980; Segl, et
al., 1989; Mangini, et al., 1990; Banakar, et al, 1997; Glasby, 2000). Loutit & Keigwin
(1982) and more recently Cronin (2010) give a summary of events that may be correlated
with the corresponding ®°C shift at ¢. 6 Ma: (1) an overall cooling of surface waters; (2) an
increase in bottom water circulation speeds and ocean fertility; (3) lowering of sea-level;
(4) isolation of the Mediterranean; (5) global deepening of the CCD; (6) establishment of

modern thermohaline circulation, and; (7) shoaling of the Isthmus of Panama.

The establishment of the Southwest Pacific OMZ at c¢. 6 Ma, due to biological
decomposition and consumption of O, at mid-depths within the ocean (Dickens & Owen,
1994), controls the delivery of Mn to the deep sea (Glasby, 2000). A series of investigation
concerning the marine geochemistry of Mn, has led to the concept of OMZ Mn
redirection. This occurs when Mn oxyhydroxides re-dissolve upon entering the OMZ and
the resulting Mn*" is redirected by lateral advection or vertical diffusion processes toward
more oxygenated environments (e.g., Klinkhammer & Bender, 1980; Halbach & Puteanus,
1984; Dickens & Owen, 1993). In this case the underlying PDWBC. The downward flux of
reducible Mn (and Fe) is thus redirected through the OMZ via redox gradients to the more
oxygen rich deep waters. Johnson ef al., (1992) stated that the downward flux of Mn is
proportional to the concentration of bottom water O,, thus in addition to biological
controls, changes in the redox state of the PDWBC will also play a role in controlling the
delivery of Mn (and Fe) to the Campbell Nodule Field.

Chapter 6 Unravelling the Chemical Archives 141



Discussion

Paleoredox

Climatic controls on primary productivity, varying depths of the OMZ, CCD, large
changes in sea level due to ice-sheet development and demise, changes in the export and
production of water masses to and from the Southern Ocean, in addition to tectonic
opening and closing of oceanic basins, have periodically led to relatively rapid shifts in the
oxygenation of marine bottom waters (Kominz, 2001; Pattan & Pearce, 2009; Cronin, 2010;
Schijf, 2012). However, late Neogene changes in ocean O, are not well documented. The
distinct redox states that certain metals have under oxidising and reducing conditions (e.g.,
As’* and As™) can result in their differential adsorption onto settling Fe-Mn particles,
which cause their concentration in FMNs (crusts and sediments) to rise and fall with the
oxygenation of deep water at the time of deposition (Kominz, 2001; Cronin, 2010; Schijf,
2012). A particularly promising example is cerium (Ce), the only member of the YREE
(yttrium and rare earth element) series that can be oxidized to Ce(IV) at the normal
temperatures and pressures of seawater. Since the higher charge and smaller ionic radius of
Ce(IV) make it more particle-reactive than its strictly trivalent REE neighbours, it is more
strongly adsorbed on to Fe oxides, Mn oxides, and organic matter (Goldberg, ef al., 1963;
Elderfield, 1988; German, ef al., 1995). Thus, in the presence of dissolved oxygen, cerium is
oxidized to Ce (IV) and displays a positive Ce anomaly in YREE shale-normalised patterns
of FMNs (German & Elderfield, 1989; Karsten, ef al., 1998; Glasby, 2000; Kato, et al., 2002)
as illustrated for U1365B-M in Figure 6.14.
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Various studies have pointed out that Ce/Ce* is subject to a number of caveats,
particularly that the sedimentary Ce anomaly record, does not exclusively depend on the
oxygenation of ambient seawater, for example: modifications by diagenetic remobilisation
of Ce (e.g. Pattan, ef al., 2005) and the oxidation of Ce by MnO, scavenging rather than
ocean oxygen (e.g. Takahashi, et al., 2000; Nakada, ef al., 2013), compromise the legitimacy
of Ce as a paleo-redox proxy. However, studies conducted on Ce adsorption in the natural
environment, have found (especially for FMNs) Ce adsorbed to both Fe and Mn
oxyhydroxides (e.g. Nath, et al., 1994; Bau & Koschinsky 2006). Nath, et al., (1994)
suggested that Ce is chemisorbed onto iron oxyhydroxides which are epitaxially inter-
grown with MnQ; (as illustrated for U1365B-M by Ce falling under group 4, inferred to be
associated with mixed Mn-Fe oxyhydroxide minerals; Figure 6.5). Furthermore, Jiang et
al. (2011) concluded from their studies that the positive Ce anomaly in hydrogenic
ferromanganese crusts results from the oxidation of soluble Ce’" to insoluble Ce** by the
actively soluble oxygen of the abyssal current rather than by the oxidation on MnO,
minerals. Here, the redox history of the PDWBC is inferred from the Ce-anomaly
(Ce/Ce*= 2[Ce]./[La]n+[Pr]; were Pr has been substituted for Nd) and compared to a
number of other redox sensitive parameters to test its reliability. These include: V/(V+Ni),
Ni/Co, U/Th, illustrated in Figure 6.15 and Th/U, Eu/Eu* and V/(V+Ni) time series
illustrated in Figure 6.16. (see Jones & Manning, 1994; Tribovillard, et al., 2006; Pattan &
Pearce, 2009; Soua, 2011).
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Figure 6.15 | Paleoredox proxies of U1365B-M: V/(V+Ni), Ni/Co and U/Th (left) the paleoredox
proxy of V/(V+Ni) is plotted against that of U/Th and (right) Ni/Co versus U/Th. The plotted
parameters indicate highly oxic conditions of the PDWBC throughout the late Neogene as values remain
below those annotated that are indicative of suboxic conditions. However, within the constraints of

highly oxic conditions, ocean oxygen has decreased.
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In the marine system the depositional environment can be either oxic (high levels of
dissolved oxygen), suboxic (low dissolved oxygen levels ~ 1-2 ml/l) or anoxic (absence of
oxygen). Figure 6.15 illustrates that the geochemical parameters indicating suboxic
conditions V/(V+Ni) >0.6 and U/Th > 0.65 (Jones & Manning, 1994) are far in excess of
the plotted position of U1365B-M samples, indicating highly oxic conditions have
prevailed throughout the growth history of U1365B-M and thus the past 12.7 Ma for the
PDWBC. However, as seen in Figure 6.16 within the constraints of a highly oxic PDWBC,
the time-series of the paleoredox proxies indicate a long-term progressive reduction in
ocean oxygen, consistent with long-term declining bottom water temperatures for the
Atlantic and Pacific (Lear, et al, 2003; see also Billups & Shrag, 2002) and benthic ®'*O
(Zachos, et al., 2001).

This apparent decline in ocean oxygen has occurred within three main steps (Figure
6.16).Using the Th/U paleoredox proxy as representative of the redox proxies presented
(noting that V/(V+Ni) displays a time-series more comparable with declining bottom
water temperatures reported for the west Atlantic and Eu/Eu* generally display a mirrored
profile to Th/U and the Ce/Ce* with increased values indicating periods of more reducing
bottom waters) these three stages are: (1) the relatively high Th/U values (14.5) that were
maintained for c. 3.5 Myr (from c. 13 to 9.5 Ma) rapidly decrease (Th/U - 14.5 to 10) over
c. 1 Myrs from 9.5 to 8.4 Ma across zone 3i; (2) relatively stable Th/U values (c. 10) that
were maintained for 2 Myrs from 8.4 to 6.3 Ma undergo further reduction (Th/U - 10 to 8)
from 6.3 to 4 Ma, and; (3) from the Mid-Pliocene period c. 4 Ma to 2.5 Ma values return to
higher Th/U of c. 10 before undergoing a third decline in values from 10 to <8 from 2.5 to
present. The three transition periods (between 9.5 and 8.4 Ma, 6.3 to 4 Ma and from 2.5
Ma to present) to lower O, contents correlate with inferred biological blooms in the
previous section. Redox proxies thus indicate that over the climatic deterioration of the
late Neogene, {LCDW of the PDWBC are characterised by progressively lower oxygen
levels. Generally, during periods of enhanced glaciation and phases of high ACC-PDWBC
flow (Joseph, et al., 2004; Hayward, et al., 2004; McKay, et al., in press), oxygen levels are
maintained, indicated by consistent Th/U. The transition to lower ocean oxygen occurs

between these phases of fast current activity, which are generally, characterised by
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Figure 6.16 | Time-series of paleoredox proxies of U1365B-M as a record of relative ocean oxygen
contents throughout the late Neogene. From the bottom up the paleoredox proxies of Th/U, Ce/Ce*,
V/(V+Ni), and Eu, Eu* are illustrated in addition to the benthic oxygen isotope curve of Zachos, et al.

(2001) and bottom water temperatures for the west Pacific and Atlantic from Lear et al, (2003).
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relatively warmer climates (Joseph, et al., 2004; Naish, ef al., 2007; Cronin, 2010; McKay, et
al., in press), except for the mid Pliocene warm period were redox proxies indicate an

increase in ocean oxygen in association with the warmer oceanic conditions.

Past inferences of paleo-oxygen levels are highly debated and focus on the question as to
whether, during shallow glacial conditions: (a) ocean oxygen is lower, or (b) higher due to
the increased capacity of the ocean for incorporating dissolved atmospheric gases (e.g.,
Broecker & Peng, 1986; Francois, ef al., 1997; Rutberg & Peacock, 2006). Results that
support low oxygen levels for shallow glacial oceans (e.g., Francois, ef al., 1997) have been
controversial, largely due to the association of high(reduced) oxygen levels with fast(slow)
abyssal current speeds, the latter of which are known to have formed extensive deep sea
hiatus’s (e.g., Ganachaud & Wunsch, 2000; Wunsch, 2003). The paleoredox proxies
utilised here for U1365B-M, present a long-term decline in ocean oxygen for the PDWBC,
consistent with late Neogene climate cooling. However, on millennial time-scales (c. 1-3
Myrs), paleoredox proxies indicate higher ocean O, during peak glacial advances i.e., at c.
10 Ma when Kennett & von der Borch, (1986) and Cronin (2010) report Antarctic ice-
sheet advance to volumes exceeding those of present-day, and from c. 3 to 2.7 Ma, during
peak Northern Hemisphere Glaciation (NHG). These periods indicating short-term
increases in ocean O, are also coeval with phases of strong abyssal currents, generally
considered to be well-oxygenated and having served to ventilate the deep-ocean since the
Mid-Miocene Climate Transition c¢. 13 Ma (Cronin, 2010; Figure 6.16). Additionally,
paleoredox proxies indicate low values during the Mid-Pliocene warm period, despite
these low values showing an increase in ocean oxygen. Thus, paleoredox proxies also
highlight the controversy associated with such proxies and thus the importance of abyssal
current velocities and corrosiveness on the ventilation of the deep ocean, causing
perturbations in the long-term trend of reduced oxygen content (see also Halbach &
Puteanus, 1984; Cronin, 2010). The amount of dissolved oxygen present in bottom waters
at the time of deposition is, as alluded to above, a product of supply and biological
consumption (Dickens & Owen, 1994). An additional supply (or reduction) of ocean O, to
consider, is the variable export of water masses characterised by varying oxygen contents,
to the Southern Ocean over the late Neogene i.e., present-day Pacific deep waters are at the
end of the thermohaline circulation pathway and as such are depleted in ocean O,

(Schlosser, et al., 2001; Carter, et al., 2009; see also Chapter 2).
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Paleocirculation

Deciphering changes to past ocean circulation patterns is a vital prerequisite for decoding
the chemical and physical archives of U1365B-M, as changes in water mass mixing and
speed of the ACC-PDWBC encode information regarding climatic and tectonic conditions
at the time of deposition. Late Neogene cryospheric development and oceanic gateway
events can be inferred from changes in paleoseawater Pb (U1365B-M) (e.g., Chow &
Patterson, 1959; Abouchami & Goldstein, 1995; von Blanckenburg, et al, 1996;
Christiansen, et al., 1997; Reynolds, et al., 1995; Frank, et al., 1999; Vlastélic, ef al., 2001;
Henderson & Maier-Reimer, 2002; van de Flierdt, et al., 2003; van de Flierdt, et al., 2004;

Ling, et al., 2005; Frank, et al., 2006; Basak, et al., 2011; Chen, et al., 2012).

One of the most interesting results of the paleoseawater Pb record is that each textural
zone, and their subtle subzone variations, displays unique Pb-Pb mixing arrays in Pb-Pb
space (Figure 5.14 & Figure 6.7). To recall, Pb-Pb mixing arrays displayed five distinct
features: (1) 13 to 10 Ma (Zone 1 to Zone 2ii), a large progressive shift to more radiogenic
values; (2) 10 to 8.4 Ma (Zone 2ii to 3i), a return to previously unradiogenic Pb values
characteristic of Zone 1 but with a lower **Pb/**Pb for a given **Pb/***Pb; (3) 8.4 to ¢. 6.3
Ma (Zone 3ii), a return to higher **Pb/**Pb for a given **Pb/**Pb with Pb values
characteristic of Zone 1; (4) 6.3 to 1.7 Ma (Zone 4, 5i-ii) maintenance of Pb-Pb mixing that
characterised Zone 1 but trending toward more unradiogenic values and; (5) 1.7 Ma to
present, a kink to lower *®*Pb/**Pb ratios, inferred to represent Pb sourced from New
Zealand (see Figure 5.14). As the majority of Pb compositions cluster within a relatively
narrow range: (a) 2*Pb/**Pb = 18.80 to 18.86 and (b) **Pb/**Pb = 38.8 to 38.9 discussions
on the paleoceanographic implications of this record are focused on the large isotopic

changes that occur between 13 and 8.4 Ma.

Plotted in Figure 6.8 are the *Pb/**Pb vs **Pb/**Pb and **Pb/**Pb vs **Pb/***Pb
compositions of U1365B-M in addition to those of Circum-Antarctic FMNs reported by
Abouchami & Goldstein (1995) and Vlastélic, et al. (2001). Pb isotope ratios of the India,
Atlantic and Pacific Oceans show remarkably coherent data with the Pb-Pb mixing arrays
of U1365B-M, which lie directly between those of the Indian-Antarctic Ocean and Pacific,

supporting the above assumption. According to the interpretations of Abouchami &
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Goldstein (1995) the Indian-Antarctic seawater Pb composition is translated from NADW,
and thus these data points reflect radiogenic NADW or “North Component Water”
(NCW) when discussing water mass mixing throughout the late Neogene. In contrast, Pb
compositions of the Chili Ridge FMN represent the most non-radiogenic end-member of
“Pacific Component Water” (PCW). NCW and PCW define the two end-member
compositions recorded in the ACC with intermediate compositions falling within a
‘mixing envelope’ between the two end-members. From the position of paleoseawater Pb
compositions (U1365B-M) within this mixing envelop it appears that from 12.7 to 10 Ma
NCW export to Southern Ocean increased reaching a peak at this time. From 10 to 8.4 Ma
either there was a reduction in the export of NCW or NCW export was maintained while
PCW became increasingly important over this period. From 8.4 to 6.3 Ma Pb compositions

become more radiogenic indicating a renewed flux of NCW or reduction in PCW export.

From 6.4 Ma to 1.7 Ma, compositions become more unradiogenic, reaching their
present day values mid-way between NCW and PCW. The quaternary record (1.7 to 0 Ma)
has been inferred to reflect New Zealand terrigenous fluxes. The time slices that are
proposed to reflect increased NCW export to the Southern Ocean, 12.7 - 10 Ma and 8.4 -
6.3 Ma, are strikingly similar to those proposed by Wright & Miller (1996). Based on their
study of mantle plume activity beneath the Greenland-Scotland Ridge, Wright & Miller
identified periods of time when this oceanic gateway was closed and NCW export to the
Southern Ocean was restricted (13 Ma, 9 Ma, and 7 Ma) and illustrated that once mantle
plume activity had subsided, the flux of NCW then resumed (12.5 - 9.6 Ma, 8.5 - 7.6 Ma).
Wright & Miller suggested that periods of restricted NCW flux were typically associated
with cooler climates and enhanced NCW flux with periods of relative warmth, which is
consistent with the occurrence of global deep sea hiatus’s and climatic state illustrated in
Figure 6.3 (and at the base of paleoprecipitation, paleoproductivity and paleoredox
Figures). The coeval changes in the Pb composition of U1365B-M with those of NCW
fluxes may therefore record Arctic gateway events and their controls on the export of
NCW to the Southern Ocean. Additional support for the increasingly ‘Pacific’ Pb signal
from 10 Ma to present, has been presented by van de Flierdt ef al. (2004). van de Flierdt et
al. studied FMCs that roughly tracks the northward flow of the PCDW into the greater

Pacific Ocean. The **Pb/**Pb timeseries are illustrated in Figure 6.17 in addition to those
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of U1365B-M. For crusts Tasman and Nova the timeseries data are comparable, the slight
offset in ages are most likely due to the 1.5 Ma half-life used for their beryllium
chronological framework. These data demonstrate a continuous northward dilution of
¢LCDW with overlying Pacific deep water, leading to progressively more Pacific like
compositions. Additionally, the time-series of Tasman and Nova show no record of the
significant shift to more radiogenic values between 13 to 10 Ma, as recorded by Zones 1
and 2i in U1365B-M. The records of these crusts were already recording more radiogenic
Pb signals or, were illustrating stable Pb signals, until 10 Ma when all three archives record
a peak in Pb isotopic compositions. Thus, the Pb isotopic composition of the PDWBC was
not translated to these crusts until this peak. Suggesting that until this time, the flux of
NADW to the Southern Ocean was not strong enough to be traced north of the ACC and

potentially records the onset of NADW formation from 12.7 to 10 Ma.

The progressive reduction in Pb isotope ratios, from 10 Ma onwards was inferred by
van de Flierdt ef al. (2004) to have been driven by closure of the Indonesian Gateway and
subsequent reorganisation of ocean circulation due to the restriction of deep water
exchange between the Pacific and Indian Oceans. The timing of gateway closure has been
proposed from the tectonic history of the region to range from 15.5 to 7.5 Ma (e.g.
Linthout, et al., 1997; Lawver & Gahagan, 2003; Cronan, 2010). Thus, the drop in Pb
signals from 10 Ma to 8.4 Ma may reflect the progressive closure of this gateway. In this
respect, the Pb-Pb mixing array and timeseries of Zone 5i-5iii (c. 5 to 1.7 Ma), which
shows an increasing contribution of ‘Pacific Pb’ to the present day ratios, could also record
a shift in the location of Indonesian Throughflow. Cane & Molnar (2001) proposed that
between 5 and 3 Ma, south equatorial Pacific water flowed westward into the Indian Ocean
at a more southerly position. Thus, the Pb-Pb mixing array may record this gradual change

in location with the continued shoaling of the Indonesian archipelago.

An alternative explanation for the Pb isotope record of U1365-M comes from the
relatively new application of Pb isotopes for providing information on the timing and
nature of ice sheet development and demise (Foster & Vance, 2006; Crocket, et al., 2013).
Crocket et al. (2013) associate increases in the radiogenic Pb (and to a lesser extent Pb
concentration) as times when ice sheets where active at the marine margin. In this respect,

the increase in Pb compositions from 13 to 10 Ma could reflect ice-sheet development,
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Figure 6.17 | Tracing the PDWBC
from the Southern Ocean into the

Equatorial Pacific over the late
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peaking in extent at 10 Ma, and from 10 to 8.4 Ma seeing a return to the original glacial
state prior to this expansion, with these ‘factory settings’ being roughly maintained since
8.4 Ma (illustrated by Pb-Pb mixing arrays that fall within the cluster of relatively
unradiogenic values). Additionally, this would indicate that Antarctic ice-sheet
progressively built-up over c¢. 3 Myrs, and were restored from this excess volume within

half the time taken to establish the large ice-sheets, within c. 1.5 Myrs (Figure 6.17).

Antarctic development of both the west and eastern ice sheets are well documented
between 13-10 Ma (e.g. Haywood, et al., 2009), and greater ice volumes and(or) cooler
temperatures than modern day have been proposed. Furthermore, evidence for a peak in
ice sheet development being reached by 10 Ma can be inferred from the occurrence and
extent of deep-sea hiatus’s (Joseph, ef al, 2004). The drop in Pb isotopic compositions
from 10 to 8.4 Ma, roughly corresponds to reports of a relatively warmer climatic period,
but still characterised by cold conditions and ice sheet development. Similarly, the rise to
more radiogenic Pb composition from 8.4 to 6.3 Ma coincides with a late Miocene
terminal event that has been inferred from a 813C shift in foraminifera to represent a
global change in circulation and significant production of AABW (Segl, et al., 1989;
Mangini, ef al., 1990; Glasby, 2000). This culmination at 6.3 Ma is marked by an erosional
hiatus and significant change in texture of U1365B-M and represents a time marker that
has been observed in FMNs from each of the major ocean basins (Segl, ef al., 1989). The

three potential explanations (water mass mixing, tectonic and climatic events) for the
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observed Pb isotopic evolution of the ACC-PDWBC illustrate the complexity of climate-
tectonic dynamics on global paleoceanography. To decode the Pb record would require

additional evidence from the use of other isotopic and elemental systems.

One type of candidate elements are the high-field strength elements zirconium (Zr),
hafnium (Hf), niobium (Nb) and tantalum (Ta). This group of elements consist of the
geochemical twins, Zr-Hf and Nb-Ta (Goldschmidt, 1937; Firdaus ef al, 2011; Frank,
2011). Within each pair their similar geochemical behaviour means that their relative
abundance in the oceans should not be significantly affected (or equally affected) by
biogeochemical cycling of these HESE. As such, twin ratios Zr/Hf and Nb/Ta are expected
to develop characteristic values for different regions of the oceans, reflecting their input
sources, similar to Pb isotopes (Firdaus ef al., 2011; Frank, 2011). Godfrey, ef al. (1996) and
Firdaus, et al. (2008, 2011) noted Zr/Hf ratios display interoceanic fractionation, with
values increasing with water depth and time along the deep ocean conveyor, from Atlantic
deep water to Pacific deep water, with Firdaus ef al., (2011) having measured the dissolved
concentration of these HFSE in the Pacific Ocean, along two meridional transects (Figure
6.18(a)) and found that individual water masses displayed distinctive Zr/Hf values, with
old NPDW displaying the highest Zr/Hf values (c. 500 pmol/kg), and that Nb/Ta values
were more uniformly distributed for the deep Pacific Ocean, generally ranging between 50
and 60 (Figure 6.18(b)). Thus, the temporal record of these ratios in individual layers of
FMNs and crusts could serve as a new proxy for changes in ocean circulation (Frank,
2011), and is applied here for the first time (based on publications to date) as a

paleocirculation proxy.

The Zr/Hf measured for U1365B-M (Figure 6.18(c)), form a compatible AABW-
LCDW ((LCDW) end member for the Zr/Hf values of Pacific water masses (Figure
6.18(b)), with Zr/Hf values (in pmol/kg) ranging from 70 to 130, indicating young
¢LCDW. The Zr/Hf values are lower than those recorded along the Pacific seawater
transects and Nb/Ta values are higher for U1365B-M. This may be consistent with the fact
that the Campbell Nodule Field is located further to the southwest and within the main

flow of the ACC-PDWC, in comparison to the transects.
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Figure 6.18 | Depth-time-series of HFSE paleocirculation proxies of U1365B-M as a record of water
mass mixing throughout the late Neogene (a) displays the Pacific transect along which Firdaus, et al.
(2011) collected HFSE data from a variety of Pacific waters from surface to deep masses, (b) indicates the
results of Firdaus, et al. (2011) and the characteristic Nb/Ta and Zr/Hf values for Pacific water masses,
and (c) indicates Nb and Zr concentrations (each being representative of the element pair) and Nb/Ta,
Zr/Hf (in pmol kg for comparisons with values present by Firdaus for seawater) depth-timeseries for

U1365B-M, re-stressing the link between the chemical and physical archives.

The application of Zr/Hf and Nb/Ta ratios as paleoceanographic tools requires that the
Zr/Hf and Nb/Ta ratios in FMNs reflect the respective ratio of ambient seawater (Schmidt,
et al., 2014). The few published data sets for Zr-Hf and Nb-Ta distributions in bulk Fe-
Mn crusts (Bau, 1996; Baturin and Dubinchuk, 2011; Hein et al., 2012) display super-
chondritic Zr/Hf and Nb/Ta values (deviating from values calculated from continental

crust), however, a comprehensive investigation in terms of water mass characteristics is
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still lacking. One of the first studies to remedy this fact, Schmidt, ef al. (2014), analysed a
suit of Pacific and Atlantic FMCs and found that Zr/Hf and Nb/Ta values from bulk
analyses were significantly lower and higher, respectively, (consistent with the lower
[Zr/Hf] and higher [Nb/Ta] values reported for U1365B-M) than the ratios derived from
modern Atlantic deep waters (Godfrey, ef al., 1996, 2009) and Pacific deep waters (Firdaus,
et al., 2011). Schmidt, et al. found that FMCs from Atlantic deep waters were characterised
by lower Zr/Hf, values (consistent with the lower Zr/Hf values of NADW [85-100 ppm;
Godfrey, et al., 1996, 2009] from which they have grown), when compared to FMCs that
have sequestered Zr and Hf from Pacific deep water [200-250 ppm; Firdaus, ef al., 2011]
and associated this with the significantly higher Hf concentrations found in the Atlantic
Ocean due to the surrounding continental landmasses. Schmidt, ef al. thus concluded that
the Zr/Hf signature in FMCs (and FMNs) reflects variations in regional seawater on a

basin wide scale.

Presented in Figure 6.19 are the HFSE measurements for U1365B-M in Nb/Ta versus
Zr/Hf space. U1365B-M data has been superimposed upon the findings of Schmidt ef al.,
2014 for HESE ratios of FMCs from the Pacific and Atlantic Ocean (Figure 6.19(a)) and
the findings of Firdaus, ef al. (2011) for HFSE ratios in water masses of the Pacific Ocean
(Figure 6.19(b); see also Figure 6.18). Evident in Figure 6.19(a), is that from c. 10 to 6 Ma
U1365B-M HFSE ratios display values that are most similar to those reported for Atlantic
FMCs, with Zr-Hf ratios varying little (bordering c. 50) whilst Nb/Ta display greater
variability (c. 35 to 90). HFSE ratios from c. 12.7 to 10 Ma display a tight cluster with Zr/Hf
50-60] and Nb/Ta [50-60] values in between those reported for Atlantic and Pacific FMCs.
From 6 Ma onward there appears to be a significant change in HFSE chemistry, with a shift
to a new higher Zr/Hf range (bordering c. 60). From 6 Ma to present HFSE ratios are more
similar to those reported for Pacific FMCs plotting within and close to the SCP (Southern
Central Pacific) and NCP (North Central Pacific) FMCs. In Figure 6.19(b), U1365B-M
plots between the continental chondritic values and those reported for the various water
masses of the Pacific, illustrating the interplay of the two sources from HFSE to the nodule
growth site. Between both Figures it is evident that Pacific waters (namely equatorial)

appear to play a dominant role in FMN geochemistry from c. 6 Ma onward.
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Figure 6.19 | HFSE paleocirculation proxies of U1365B-M as a record of water mass mixing
throughout the late Neogene (a) displays the results of Nb/Ta versus Zr/Hf for U1365B-M, illustrated
in blue, superimposed upon the results of Schmidt, et al. (2014) with Nb/Ta and Zr/Hf of Pacific water
masses illustrated with coloured stars and the corresponding nodule geochemistry derived from growing
within these waters is coloured in the same colour, e.g. green for ENPCW. (b) displays the results of
Nb/Ta versus Zr/Hf for U1365B-M, illustrated in blue, superimposed upon the results of Firdaus, ef al.
(2011)

Using Figure 6.18(b) and Figure 6.19(a-b) as a reference for present day Zr/Hf values
of Pacific and Atlantic water masses, the Zr/Hf values for the growth history of U1365B-M
would indicate AABW/LCDW ((LCDW) composed of an admixture of Pacific and
Atlantic deep waters, with Zr/Hf values not too dissimilar to present day FMCs from the
central Pacific Ocean, c. 12.7 Myrs ago, after which the Zr/Hf then decrease from 12.5 Ma
to 10.9 Ma (Zr/Hf - 53 to 42; from zone 1 to zone 2ii), indicating an influx of younger
North Component Water (NCW; proto-NADW), consistent with the results from
radiogenic Pb isotopic compositions. From 10.9 to 7.2 Ma (zone 2ii to mid-way between
zone 3ii) Zr/Hf ratios steadily increase from 42 to 51, indicating a progressively stronger
influx of Pacific Component Water (PCW; proto-NPDW, EPDW). This would be
consistent with the predictions of van de Flierdt, ef al. (2004) of an increased export of
Equatorial Pacific Deep Water (EPDW) to the region since closure of the Indonesian
gateway c. 10 Ma (Figure 6.n). Zr/Hf values then decrease again at 6.3 Ma (Zr/Hf - 47),
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consistent with reports from Wright, et al. (1996) of an increased flux of NCW or
establishment of present day NADW, during this climatically cooler period c. 6 Ma. From
c. 6 to 5 Ma Zr/Hf ratios rapidly increase (47 to 61) and remain high during the warmer
climatic regimes of the Pliocene, from 5 to 4 Ma, indicative of increased PCW fluxes or
establishment of a more vigorous Pacific circulation, as suggested by Cane and Molnar
(2001; see also Molnar & Cane, 2002; Molnar 2008) as a consequence of further restriction
of the Indonesian gateway (cf. Frank, ef al., 2008). From 4 to 2.5 Ma Zr/Hf values decrease
(c. 60 to 55), consistent with the timing for the onset of significant NHG (Cronin, ef al.,
2010), before displaying c. 1 Myr oscillations between periods of higher Zr/Hf values (at
1.7 Ma [61] and 0.1 Ma [67]) and those of lower values (at 1 Ma [55]), likely reflecting the
increased tempo of G-I cycles characteristic of the Pleistocene epoch (Glasby, 1985; Segl, et
al., 1989; Banakar, et al, 1997; Naish, et al., 2009). These short-term, variations are
superimposed upon a long-term trend of increasing Zr-Hf values since c¢. 10 Ma. This, as
with the evidence from Pb isotopic compositions, would indicate decreased export of
NADW to the nodule growth site since c. 10 Ma (Figure 6.17), contradicting the findings
of Frank, et al. (2002) who determined a steady flux of NADW to the Atlantic sector of the
Southern Ocean until c. 3 Ma. Conversely, Nb/Ta (and Zr/Ta, Hf/Ta) do not appear to
reflect water mass mixing, rather the Nb/Ta timeseries bears close resemblance to group 3
elements (Cu-Zn; Figure 6.5). Thus, the distribution and concentration of Nb and more so
Ta in the ocean are probably controlled by a passive involvement in biogeochemical cycles
and other non-biogenic particles such as re-suspended silicate particles (see Godfrey, ef al.,
1996; Rickli, et al., 2009), resulting in complex scavenging processes (see also Orians &
Merrin, 2003; Godfrey, ef al., 2009). As this is the first time Zr/Hf and Nb/Ta have been
applied as paleoceanographic proxies of past water mass mixing, there is a lack in any
published comparative data. However, the application of Zr/Hf values as a water mass
tracer looks very promising. In contrast, the potential processes of what the Nb/Ta profiles

present a more complex puzzle, the deciphering of which is beyond the scope of this thesis.

In contrast to the relatively new application of HFSE, YREE have been extensively
studied and applied in paleoceanographic investigations (e.g., Glasby, 1973; Glasby, ef al.,
1987; Karsten, et al., 1998; Lacan & Jeandel, 2001; Nozaki & Alibo, 2002; Hongo, et al.,
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2006). Yttrium and the Rare Earth Elements (YREEs) are an extremely coherent group in
terms of chemical behaviour and have been intensively investigated in the field of marine
geochemistry to elucidate particulate scavenging processes, seawater oxygen content and
to characterise water masses (see Byrne & Scholkovitz, 1996; Nozaki, 2001). Although a
coherent group, there are subtle differences in YREE chemistry, resulting from ionic
contraction across the period and redox effects. YREE are generally subdivided into two
groups based on atomic weight: the Light Rare Earth Elements (LREE; lanthanum [La] -
samarium [Sm]), and; the Heavy Rare Earth Elements (HREE; yttrium [Y], gadolinium
[Gd] - lutetium [Lu]) (Nozaki & Alibo, 2003). Differences in atomic mass cause variations
in the stability constants of REE complexes in seawater e.g., YREE-carbonate complexes
that form (see Table 3.2) are increasingly more stable from LREE to HREE (Glasby, 1972;
Nozaki & Alibo, 2003). Thus, LREE are preferentially removed from seawater to take part
in scavenging processes (like Th), whereas HREE show a greater tendency to complex with
seawater ligands and remain in solution (like U) and are largely governed by horizontal
processes of ocean circulation (see Byrne & Scholkovitz, 1996; Nozaki, 2001; Nozaki &
Alibo, 2003). It has been proposed that the HREE/LREE fractionation of dissolved REE in
seawater results from continuous scavenging of dissolved LREEs from deep water over the
mixing time of the oceans, resulting in the observation that seawater becomes
progressively more HREE enriched with age (Goldberg, et al, 1963; Elderfield, 1988;
German, et al., 1995). Thus for FMNs, scavenging from successively older waters, it would
be expected that HREE would become less enriched in the nodule as LREE are

preferentially scavenging from the seawater.

The HREE/LREE profile (Figure 6.20) shows a striking resemblance to Pb-Pb isotopic
time series, displaying a large and broad peak from 11 - 10 Ma (HREE/LREE 0.28 to >
0.30) and from 10 to 4 Ma (and then decreases from ¢. 0.3 to 0.25 and then continues to
rise again from 4 to 1 Ma). The HREE/LREE values could therefore support the findings of
Pb and Zr/Hf, indicating that from 10 Ma to c. 4 Ma the PDWBC is receiving an increasing
flux of Pacific component waters, potentially in association with the shoaling and closure
of the Central American Gateway, rather than (or in conjunctions with) oceanic

restrictions associated with the Indonesian gateway (Figure 6.20).
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Figure 6.20

| Time-series of paleocirculation proxies of U1365B-M as a record of water mass

mixing throughout the late Neogene illustrating HREE/LREE, *Pb/**Pb compositions, Er/Lu, and

detrital (%) as a paleospeed proxy (peach phases) in addition to climate-ocean-tectonic events c. 13 Ma
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Figure 6.20 (and Figure 6.21) also depicts variation in Er/Lu values over the 12.7 Ma
growth history of U1365B-M. Previous use of these ratios have been used to show that high
values (>9) are characteristic of subtropical Pacific Equatorial Water (PEW) and low values
(<8) of Subantarctic Upper Water (Hongo, ef al., 2006). According to Hongo ef al. (2006)
latitudinal variations in the Er-Yb-Lu ratios of surface waters are caused by differences in
the variable sources of YREEs. However, Er/Lu (and Er/Yb which display the same profile)
has been shown to be constant in deep waters (>2000 m) of the: Atlantic (Bertram &
Elderfield, 1993); Southern Ocean (German, ef al., 1995), and; North Pacific (Nozaki, ef al.,
1999). In light of these findings, the progressive increase in Er/Lu values (6.5 to 8) from c.
12 Ma to present could be interpreted as reflecting increased export of Pacific Equatorial
Waters (or more broadly Pacific component waters) to the Southern Ocean since c. 12 Ma.
van de Flierdt ef al (2004) proposed that the subsequent reorganisation of ocean
circulation patterns in the Southwest Pacific, due to closure of the Indonesian Gateway,
marked the onset of the present day South Equatorial Current, the deeper parts of which,
van de Flierdt et al. propose to be deflected southward along the eastern coast of Australia
to currently supply equatorial Pacific waters to the ACC. If this interpretation holds true,
the chemical data for U1365B-M may reflect the progressive shoaling of the Indonesian
Gateway, and thus increased export of SEC to the Southern Ocean, translated to the
PDBWC through water mass mixing within the ACC on its eastward transit to the nodule

growth site.
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6.6 Unravelling the Late Neogene Evolution of the PDWBC

Objective five was to recover the paleoenvironments recorded in the physical and chemical
archives of Ul365B-M and to describe the paleoceanographic history of each
distinguishable zone, as each zone is characterised by a change in the mode of nodule
formation in response to a significant change in the chemical fingerprint of the PDWBC,

ultimately reflecting climatic-oceanic-tectonic perturbations of the late Neogene.

A stratigraphic analysis of the physical archives shows that there were certain periods
within the late Neogene when FMN U1365B-M changed its pattern of accretion (see
Figure 6.3). The corresponding horizons are visible to the unaided eye as five major zones
of accretion. The boundaries between zones (and subzones) and their chemical archives,
correspond to key climatic and tectonic events of local and global extent, suggesting that
U1365B-Ms growth history has recorded the late Neogene evolution of the ACC-DWBC.
However, evident from the previous sections, and attempts made to associate physical and
chemical changes in U1365B-M with synchronous climatic and tectonic events, is that
there is an amazing congruence of seemingly unrelated (and related) events, reported in
the literature, in relation to climatic & cryospheric, oceanic gateway & oceanic water mass
changes, in addition to many conflicting lines of evidence. Thus, with such a broad thesis

aim:

How the oceanographic properties of the deep ocean have changed in response to the Late
Neogene evolution of the oceans, climate and cryosphere, as recorded within a large

hydrogenous FMN at the New Zealand oceanic gateway.

and large geochemical data set (largely neglected in the literature, i.e., the application of
element concentrations and element ratios, from FMNs, as proxies of paleoproductivity,
redox, and circulation; see Chapter 3), it is near impossible to state a causal link between
changes in the physiochemical archives of U1365B-M with distinct climatic-tectonic-
oceanic events of the Late Neogene. And thus, attempts are made to make broad and
general statements regarding correlations of FMN archives with the aforementioned

events, in relation to the chemical history of the PDWBC.
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Zone 1 [12.7 to 11.9 Ma]: How have oceanographic properties of the PDWBC changed

in response to the onset of the cold late mid-Miocene Ocean?

U1365B-M began to form 12.7 Myrs ago, upon the abyssal sediments of the mobile
Campbell skin drift, abutting the steep continental slopes of the Campbell Plateau where
this bathymetric feature forces the ACC-PDWBC to impinge along its margin. The
initiation of growth resulted from a shift in deep ocean conditions to accommodate Fe-Mn
precipitation (Chang, et al., 2003; Graham et al., 2003a; Graham, ef al., 2003b; Wright,
et al, 2005). The timing of the initiation of FMN growth is paleo-environmentally
significant within the New Zealand sector of the Southern Ocean, marking the transition
from phosphorite to ferromanganese deposition (Glasby & Summerhayes, 1979; Hall et al.,
2003; Graham, et al., 2004) in association with the transition from warm conditions of the
mid Miocene climate optimum to the cooler conditions of the late mid-Miocene (c. 15 to

13 Ma; Woodruff & Savin, 1991; Flower & Kennett, 1995; see also Zachos, et al., 2001).

In relation to the mid Miocene increase in benthic ®*O values of 1-1.3 %o (Shackleton &
Kennett, 1975; Billups & Shrag, 2002), significant ice-sheet development (e.g., Hayward, et
al., 2009; Naish, et al., 2009), spin-up of ACC-PDWBC in in association with strengthen
wind fields (Hall, et al., 2003; Joseph, et al., 2004; Pollard & DeConto, 2009), stepwise
decrease in SST of 6-7°C (e.g., Shevenell, ef al., 2004) and a reduction in atmospheric CO,
concentrations from ~500 ppmv to ~300 ppmv (Kushner, ef al, 2008; 0'Reagn, et al.,
2011), oceanographic properties of the PDWBC evolved toward: (1) more vigorous current
flows, indicated in the physical archives of U1365B-M by the accretion of this zone
synchronous with the occurrence of deep sea hiatuses of regional and global extent
(Barron & Keller, 1989; Hall, et al., 2003; Joseph, et al., 2004; Figure 6.3), by the high
percentage (40%) of incorporated detrital grains, inferred by some authors to result from
sediment scouring of the sea floor by high velocity abyssal currents (e.g., Mangini, ef al,
1991; Banakar, et al, 1993; Glasby 2000), and by the occurrence of mottled growth
structures suggested, to reflect high current velocities (Sorem & Fewkes, 1977; Banakar &
Tarakian, 1991); (2) well-oxygenated conditions, reported by Glasby (2000) as a pre-
requisite for the onset of Fe-Mn precipitation during the mid-Miocene, and associated by

many authors to the production of well-oxygenated AABW during this time (e.g.,
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Glasby & Summerhayes, 1979; Kennett, 1985; Banakar & Hein, 2000; Hall, ef al., 2003), are
evidenced in the chemical archives of Ul1365B-M through the application of the
paleoredox proxies with the following displaying some of the highest values for the growth
history of U1365B-M - V/(V+Ni) (at 0.4), Ce/Ce* (increasing from 3 to 3.2) and Th/U (
from 12 to 14), additionally Eu/Eu*, indicative of reducing conditions, are at their lowest
values (c. 1.1) during this phase of accretion (Figure 6.14), and; (3) strongly corrosive
currents, indicated by high marine carbonate dissolution, consistent with reports of
maximum corrosive abyssal currents for the study area (Joseph, ef al., 2004; McKay, ef al.,
in press) and shallowest CCD and lysocline for the New Zealand region (Hayward, ef al.,
2004; 11 - 7 Ma), for South of Tasmania (Diester-Haass & Nees, 2004; 11 — 9.6 Ma), for the
Central Pacific (van Andel, ef al., 1975; Halbach, et al., 1984; 11 — 6 Ma), equatorial Pacific
(Farrell, ef al., 1995; 12 — 9 Ma) and Southeast Atlantic Ocean (Diester-Haass & Nees, et
al., 2004; 9 — 7 Ma), evidenced in U1365B-M a decrease in all paleoproductivity proxies
(e.g., Ba/Th decreases from 19 to 16; Figure 6.13).

Furthermore, the late mid-Miocene has been suggested by some authors, as marking the
onset of NADW, that exhibit physical and chemical characteristics comparable to present
day, between ~13 Ma (e.g., Cramer, ef al., 2009) and ~12 Ma (e.g., Poore, ef al., 2006),
which approximate well with the suggestion of Wright and Miller (1996) for the increased
flux of NCW to the Southern Ocean at this time. Prior to this date §13C values support
small inter-basin gradients and pointed toward a common Southern source of deep water
until ~12.5 Ma (Poore, et al., 2006; Cramer, ef al, 2009; Butzin, et al., 2011). The
paleocirculation proxies of U1365B-M (Figure 6.17 to 6.21), such as the shift toward more
radiogenic Pb isotopic compositions (206Pb/204Pb - 18.80 to 18.96; Figure 6.17), decrease
in Zr/Hf values (100 to 80; Figure 6.18-6.19), slight increase in HREE/LREE (Figure 6.20)
and low Er/Lu (6.5-6.9; Figure 6.20), and additionally, back calculated initial '"Be/’Be
values decrease over zone 1 from 1.2, characteristic of modern pacific values to 0.6 (Ling, et
al., 1991), to values characteristic of Atlantic values (0.6) (Willenbring & wvon
Blanckenburg, 2010; see Figure 6.1), thus these proxies appear to support this claim as the

chemistry of the PDWBC becomes more ‘Atlantic’ over this growth phase.
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Zone 2 and Zone 3i [11.9 Ma to 8.4 Ma]: Late Miocene cooling, Antarctic Ice sheet

expansion and closure of the Indonesian gateway

During this second phase of nodule accretion, according to the composite O curve of
Zachos et al. (2001), mean ®0 values continued to rise gently throughout the late
Miocene to the early Pliocene (c. 6 Ma), with the re-establishment of major ice sheets on
Antarctica by 10 Ma (Kennett & von der Borch, 1986; Cronin, 2010). The response of the
PDWBC to Antarctic ice sheet advance and further cooling of the global climate, sees a
continuation and strengthening of the paleoceanographic conditions determined for the
core zone with: (1) more vigorous current flows, indicated in the physical archives of
U1365B-M by the synchronous accretion with global and regional deep sea hiatuses
(Barron & Keller, 1989; Hall, ef al., 2003; Joseph, et al., 2004; Figure 6.3), with Joseph, et al.
(2004) reporting the strongest phase of PDWBC speeds at 10 Ma, correlating with highest
percentages (45%) of incorporated detrital grains, and chaotic mottled growth structures;
(2) conversely to zone 1, a reduction in oxygenated conditions, are evidenced in the
chemical archives of U1365B-M (e.g., Th/U display a sharp reduction in values from c. 9.5
to 8.4 Ma consistent with global cooling and Mi-6 (c. 9.6 — 10 Ma; Miller, ef al., 1991; see
Figure 6.14)), and; (3) strongly corrosive currents, indicated by the ‘carbonate crash event’
recorded by paleoproductivity proxies in U1365B-M (e.g., Ba/Th decreases from 20 to 10;
Figure 6.13) and correlate with similar reports in the Southwest and Greater Pacific (van
Andel, et al., 1975; Halbach, et al., 1984; Farrell, et al., 1995; Hayward, et al., 2004; Diester-
Haass & Nees, 2004). Additionally, the shift to lower 2*Pb/**Pb and 2*’Pb/***Pb values for
any given **Pb/**Pb, from c. 10 to 8.4 Ma (see Figure 6.7) indicates increased aeolian
contributions to the deep sea during this period consistent with suggestions of increased
aeolian dust fluxes as a result of energetic atmospheric circulation commencing at about 10
Ma, coincident with ice build-up on Antarctica and a subsequent decrease in sea level

(Stein & Robert, 1985; Rea & Bloomstein, 1986; Stancin, et al., 2008).

In terms of paleocirculation proxies, namely the monoisotopic shift in Pb isotopes to
more radiogenic values from 11.9 to 10 Ma and a return to less radiogenic values from 10
to 8.4 Ma (also mimicked in the HREE/LREE profile; Figure 6.20). The first shift is taken

to reflect one (or more) of four potential processes; (1) an increase in the export of NADW
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to the Southern Ocean, consistent with the assumptions outlined in zone 1, and also
suggested by Frank, ef al. (2002) and van de Flierdt, ef al. (2004); (2) progressive erosion
and transport of ancient continental material to the Southern Ocean, as a result of ice-
sheet development on Antarctica and/or increased aridity of Patagonia-Australia-New
Zealand (e.g., Frank, ef al, 2008; von Blanckenburg, ef al., 2010), and; (3) gradual and
progressive closure of the Indonesian gateway to deep water exchange between the Indian
and Pacific Ocean, resulting in a stronger NADW signal within the PDWBC until closure
of the gateway c. 10 Ma triggered a more effective Pacific to Southern Ocean circulation, in
addition to the effects of a shoaling Central American Seaway (Cane & Molnar 2001;
Molnar & cane, 2002; van de Flierdt, ef al., 2004; Molnar, 2008). The second shift (10 to 8.4
Ma; extending into zone 3i) has been inferred to reflect an increased contribution of
NPDW into the Southern Ocean as a consequence of: (1) closure of the Indonesian
gateway at 10 Ma; (2) build-up of ice on Antarctica and progressive development of the
ACC, and; (3) a more vigorous Pacific circulation and or reduction in the export of

NADW to the Southern Ocean (Frank, ef al. 2002; van de Flierdt, ef al., 2004).

Alternatively, Pb isotopic compositions have also been recently applied to discern the
demise and retreat of ice sheets (e.g., von Blanckenburg and Niégler, 2001; Crocket, ef al.,
2013) with highly radiogenic Pb isotopic compositions associated with maximum ice-sheet
activity (and increased solute fluxes e.g., of HREE to the deep ocean due to continental
liberation). It is tempting to relate this radiogenic feature of the Pb isotope curve, to the
gradual and persistent long-term build-up of Antarctic ice sheets over c. 3 Myrs, reaching
their maximum threshold at 10 Ma (associated with max. 2*Pb/?**Pb 18.955), and, in
association with 3 - 4°C warming of deep Southern Ocean temperatures from 10 to 8.5 Ma
(Billups & Shrag, 2002), ice sheet activity then progressively decreased from 10 to 8.4 Ma,
over 1.5 Myrs, in the half-time it would have taken to reach maximum ice sheet activity. In
this regard, if the isotopic Pb record does indeed reflect ice sheet dynamics, then the more
radiogenic values from c. 13 to 10 Ma would indicate significant ice sheet advance followed

by a relatively rapid retreat from 10 to 8 Ma, and has since remained relatively stable since.
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Zone 3 [9.2 to 6.3 Ma]: A transitional ocean

The third zone appears to be a period of transition and exhibits distinct changes in both
chemical and physical archives. Texturally, the zone is more compact and Mn rich (c. 13
wt %) than previous zones with lower detrital occlusions (c. 30%) and is subdivided into
(1) Zone 3ii, 9.2 to 8.4 Ma and (2) Zone 3i, 8.4 to 6.3 Ma. Across zone 3i Pb isotope values
continue to decline to a minimum value at c. 8.4 Ma whilst Mn/Fe ratios remain constant
(c. 0.4), detrital grains systematically decrease to a minimum at ¢. 7 Ma and minor
elements indicate an increasingly hydrogenous mode of formation. Zone 3ii marks one of
two transition periods in the Mn/Fe ratio whereby values rapidly double from c. 0.4 to 0.8
from 6-7 Ma, establishing a new equilibrium state. This interpreted as reflecting the
fraction of Mn and Fe in association with deepening of the CCD (Hayward, ef al., 2004).
Mangophile elements (group 1 and 2) such as Co, Mo, Ni, Cd, Tl, illustrate an increase in
concentration across this subzone, with minor elements such as Co illustrating the steepest
changes in concentration (see Figure 6.6). Changes in subzone chemistry coincide with the
occurrence of regional hiatus’s from 8 - 6 Ma as a result of a more vigorous ACC (Hall, et
al., 2003; R. Carter, et al., 2004; McKay, et al., 2014). Across the entire zone, redox
indicators suggest fairly constant ocean oxygen levels (see Th/U profile in Figure 6.16),
counterintuitive to what would be expected during climatic cooling period and enhanced
AABW-LCDW (Kennett, 1975; Glasby 2000) in association with the onset near modern

circulation patterns (Bender & Keigwin, 1979; Mangini, et al., 2000).
Zone 4 [6.3 to 4.7 Ma]: Establishing modern thermohaline circulation

The forth zone marks a period of major change in both physical and chemical archives.
Rates of nodule accretion are halved (see Figure 6.6), despite a moderate pulse of detrital
grain occlusion. Microstructures grade from large columnar structures into a more
laminated zone (see Figure 5.5), which correspond to a seemingly rapid decrease (of
varying degrees) in element and Pb isotopic content to more consistent values within the
laminations (see Table F.2). Redox proxies such as Ce/Ce*and Th/U, all indicate a less
oxidising ocean than present. However, the Mn/Fe ratio appears to have remained
constant across this zone. These changes in macro- and micro-structures have been

observed within crusts (Mangini, ef al., 1991; van de Flierdt, et al., 2004, 2006) and nodules
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(Segl, et al., 1979; Glasby, et al., 2000; Frank et al., 2002, 2008) worldwide. The occurrence
of this zone has been attributed to a change in global circulation and roughly correlates
with the terminal Miocene §*C shift in foraminifera at 6.2 Ma (Bender & Graham, 1981;
Kennett & von der Borch, 1986; Glasby, 2000). The change in ocean/nodule chemistry is
most likely a response to a series of events: expansion of the west Antarctic ice sheet
(Kennett & von der Borch, 1986) and overall cooling of surface waters, formation of the
Ross Ice Shelf (Hodell & Kennett, 1986), expansion of sea ice and the northward migration
of circumpolar fronts to their present position. These climatic conditions have been
associated with an increase in AABW production and which resulted in wide spread
erosion and hiatus formation beneath the ACC (Barron & Keller, 1983; McKay, et al,
2014), the associated lowering of the glacial ocean (Hagq, ef al., 1987; Diester-Haass, 1988;
Glasby, 2000), isolation and drying up of the Mediterranean, shoaling of the isthmus of
Panama, an increase in biogenic silica removal in the Southern Ocean high productivity

zone (Loutit & Keigwin, 1982; Segl, et al., 1989; Frank, et al., 2002; O’Reagen, 2011).
Zone 5 [4.7 to 0.1 Ma]: From the warm Pliocene to the cold Pleistocene

This final growth phase of FMN U1365B-M is subdivided into four subzones based on
microstructures and element distribution characteristics: (1) zone 5i [4.7-4.1 Ma]; (2) zone
5ii [4.1 to ¢. 3.0 Ma]; (3) zone 5iii [¢. 3.0 to 1.0 Ma], and; (4) zone 5iv [1.0 to 0.1 Ma]. The
tirst two subzones reflect the accretion of U1365B-M from the PDWBC during the warm
Pliocene epoch [4.7 to 3.0 Ma] and the last two subzones, during the cooler climates of the
Pleistocene. Nodule accretion from 4.7 to 3.0 Ma, during zones 5i and 5ii, represent a two
million year summary of PDWBC chemistry, with each sample having been deposited over
c. 500 kyrs, reflecting the overall slower accretion rates of these subzones (c. 3.7 mm/Ma).
These zones are characterised by semi-laminated microstructures, however there is a
reappearance of relatively large cuspate structures, with low detrital incorporations [c.
14%], indicative of a warmer and slower PDWBC, consistent with reports of a 2 °C
warming of the deep ocean (e.g., Hodell & Venz, 1992; Billups & Shrag, 2002) and a lack of
any significant deep sea hiatuses (Joseph, et al., 2004; McKay, ef al.,2014). Furthermore,
redox proxies such as Ce/Ce*, indicate an increase in relative O, contents of the ocean from

low levels in zone 4 (c. 2.8) to a peak between c. 3.5 to 3 Ma with the theory of
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increased (decreased) inter-glacial (glacial) ocean oxygen, (also supported by the
progressive decrease in paleoredox proxies throughout the Late Neogene, in parallel with
the benthic ®*O isotope curve; Figure 6.16), with the peak in ocean oxygen recorded by
U1365B-M consistent with the warmest phase of the Mid-Pliocene Warm Period (Miller &
Fairbanks, 1991; Billups & Shrag, 2002; O’Reagan, 2011; McKay, ef al., 2012). The findings
of increased PDWBC ventilation during the Pliocene are also supported by Zhang, et al.,
(2012), who proposed intensified and a poleward shift of the Antarctic wind field, led to
the increased ventilation and reduced stratification of the Southern Ocean during the
Pliocene. Overall, the Pliocene Ocean was characterised by temperatures ~3 °C higher than
present (Haywood, et al., 2000, 2009; Dowsett, ef al., 2009; Naish, et al., 2009; Fillippelli &
Flores, 2009), with 30% higher CO, concentrations (Kiirschner, ef al., 1996; Raymo, et al.,
1996) and global temperatures comparable to those predicted for the end of this century
(Haywood & Valdes, 2004). The Pacific Ocean is suggested to have been characterised by a
‘permanent’ El Nifo state (Ravelo, ef al, 2004; Wara, et al., 2005; Dowsett, ef al., 2009),
with reduced east-west pressure gradients affecting wind-regimes and heat distribution.
This atmospheric state is suggested to have resulted in a deepening of the thermocline and
reduction of upwelling intensities in the Pacific Ocean (Cane & Molnar, 2001; Molnar &

Cane, 2002; Molnar, 2008).

During this phase of accretion Fe-Mn scavenging of tracer elements remains low (c.
16,000 ppm; Figure 6.6) until c. 4 Ma when values rise from c. 16,000 to 18,000 ppm just
prior to the onset of cooler Pleistocene climates at c¢. 3 Ma. Additionally, each of the
element groups show a significant shift from decreasing trends toward lower
concentrations during the early Pliocene (e.g., group 3 Cu-Ni; Fig), or for groups 1 & 2,
concentrations maintained at low levels, up until 4 Ma, when all of the elements analysed
increase in concentration to a peak at c. 3 Ma (e.g., Pb - from 70 ppm at 4 Ma to 80 ppm at
3 Ma). It is tempting to relate this chemical shift to oceanic gateway events of the Pliocene,
namely the final closure of the Central American Seaway, due to the progressive rise of the
Isthmus of Panama around this time (Burton, ef al, 1997; Molnar, 2008; Cronin, 2010).
Closure of the Central American Seaway is reported to have effectively terminated Pacific-
Atlantic Ocean communications, diverting deep and surface waters further into the North

Atlantic Ocean, strengthening the Gulf Stream and North Atlantic Current, thereby
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enhancing heat transport from the tropics and increasing North Atlantic temperatures
(Fillippelli & Flores, 2009). Several authors (Raymo, ef al., 1996; Haywood, et al, 2009;
Dowsett, et al., 2009) suggested intensification of the Atlantic Meridional Overturning
Circulation (AMOC) during this warm Pliocene interval. The paleocirculation proxies of
Pb isotopic compositions, display a slight increase toward more radiogenic values over this
period, and the new application of HFSE ratio Zr/Hf, display a decrease in values from 4 to
3 Ma (61 to 55). These chemical signals could be indicative of increased export of NADW
to the Southern Ocean during this warm Pliocene interval, as interpreted by Frank, ef al.,
(2002). However, concurrent with the final closure of the Central American Seaway, Cane
& Molnar (2001) proposed that between 5 and 3 Ma, south equatorial Pacific waters,
tlowing westward into the Indian Ocean, shifted from at a more southern position, to its
more northern location of present, with the continued rise of the Indonesian Archipelago.
These authors propose that prior to this shift (and the termination of the permanent El
Nifio state) Indonesian Through flow was much stronger at its more southerly position,
than present day. Thus, paleocirculation proxies, could equally reflect a reduced export of
Pacific waters to the ACC-PDWBC, resulting in the reduction of Zr/Hf values and
seemingly more radiogenic Pb values due to the reduction of less radiogenic signals being
exported to and mixed within the ACC. However, Er/Lu values indicate progressively

stronger Pacific Equatorial Water signal throughout the growth history of U1365B-M.

In relation to paleoproductivity proxies and Mn/Fe values, indicative of local vertical
tfluxes through the PDWBC to U1365B-M, the Pliocene is characterised by stable Mn/Fe
values of 0.8 from 4.7 to c. 3 Ma, when Mn/Fe values undergo significant changes over the
Pleistocene. This indicates no significant change in the CCD and (or) OMZ during this
period. The biogenic bloom in the early Pliocene, (continuing from the initiation of the
bloom in Late Miocene; zone 3ii), are also recorded in the sedimentary sequences deposited
between 5.3 and 3.3 Ma recovered offshore Adélie Land, East Antarctica (Cook, ef al., 2013; in
addition to the referenced authors in the previous section) and reveal increased productivity in
Southern Ocean surface waters, associated with the elevated ACC surface water temperatures.
However, U1365B-M records a decrease in the relative biological productivity of the waters in
this region from Ba/Cu and Mn/Ni+Cu proxies (see Figure 6.13), which continue to decline

from 4 Ma, throughout the Pleistocene (Hayward, ef al., 2004).
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The warmth of the early Pliocene was succeeded by the late Pliocene climate transition
(LPCT), which consists of a series of %0 enrichment events that record the onset and
progressive intensification of Northern Hemisphere Glaciation (NHG) between 3.5 and 2.4
Ma, were it is estimated that, at maximum glacial extent, 30% of the Earth's surface was
covered by ice (Mattiessen, ef al., 2009). During this latter phase of nodule accretion, the
macroscopic architecture is characterised by distinct millimetre scale bands and
microstructures are finely laminated, a characteristic found of almost all FMNs and crusts
(e.g., Glasby, 1985; Segl, et al., 1989; Banakar, et al., 1993, 1997; Xu, et al., 2006), and
thought to reflect the orbitally paced waxing and waning of ice-sheets throughout the
Pleistocene (Clark & Pollard, 1998; Zachos, et al., 2001; Cronin, et al., 2010). The banded
structures of this zone alternate between darker red-brown layers and grey aluminosilicate
rich layers. Over all, the incorporation of detrital material increases from the previous

subzone (c. 14% to 20%).

However total growth rates continue to progressively slow from 3.7 mm/Ma at c. 3 Ma
to 2.6 mm/Ma at 2.5 Ma, coeval with the development of NHG to its maximum extent
(Ravelo, et al., 2004; Marlow, ef al., 2000) and similar advance of the Western Antarctic Ice
Sheet (Naish, ef al., 2009; McKay, ef al., 2012; Hambrey & Davis 2013), with a growth spurt
from 1 to 0.3 Ma from 2.6 to 5.7 mm/Ma from 1 to 0.3 Ma. This rise in detrital grain
incorporation during the Pleistocene could be associated with a resurgence of AABW-
LCDW production and thus increased seafloor scouring, however, based on the Pb
isotopic shift at c¢. 1.7 Ma that indicates increased contributions from the New
Zealandia continent, the increase in detrital incorporation could also be associated
with inception of the Solander Channel c. 3 Ma, when the creation of a tectonic seaway
through Macquarie Ridge in the Pleistocene-Pliocene allowed the ACC to enter the

Solander Trough, effectively eroding the Solander Fan complex (Shuur, ef al., 1998).

Group 1, 2 and 3 elements display a rise in element concentrations over the Pleistocene
to a maximum at 1 Ma, after which they rapidly decline (e.g. Ni increases from c. 2000 at c.
3 Ma to 7000 ppm at 1 Ma). The Mn/Fe values however maintain values at 0.8 Ma until c. 1
Ma, when values increase from 0.8 to 1.4, consistent with the timing of CCD deepening

within the region (Hayward, ef al., 2009).
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Groups 4-6 however, display a peak in concentration at 3 Ma and their concentrations are
roughly maintained at this level of enrichment (e.g., Sb - increases from 80 to 100 ppm
from 4 to 3 Ma, and remains at c. 100 ppm) until 1 Ma, when the concentration of groups

4-6 rapidly decrease (e.g., Sb decreases from 100 ppm to 80 ppm over this interval).

These variations in geochemistry are most likely related to changes in bottom water
production, export of water masses to the Southern Ocean, and general re-organising of
thermohaline circulation over this cooler Pleistocene period. At this time, the closure of
the Panama (to all water exchanges) and Indonesia (to deep and bottom water exchanges)
corridors in the tropics was complete (Mikolajewicz & Crowley, 1997; Haug & Tiedemann,
1998; Haug, ef al., 2001; Cane & Molnar, 2001), and are proposed to have aided in the
reorganisation of the oceanic and atmospheric system (Philander & Fedorov, 2003). A
progressive reduction in sea-surface temperature occurred at the same time that upwelling
of the equatorial Pacific and the eastern ocean basin coastal regions intensified (Ravelo, et
al., 2004; Marlow, et al, 2000). The enhanced coastal upwelling caused a general
aridification of proximal landmasses to the east due to lowered water vapour content above
cold upwelling zones (e.g., Cane & Molnar, 2001; Molnar 2008). Glacial-interglacial
cyclicity linked to the build-up and retreat of the Northern Hemisphere ice sheet, as well a
strong variability in atmospheric CO,, became characteristic features of the Earth's climate

system at this time (Tiedemann et al., 1994).

Productivity proxies are not in agreement over this period except for the decline in
values to c. 1.5 Ma (see Figure 6.13). Paleoredox proxies display a continued decrease in
ocean oxygen as the oceans continued to cool (see Figure 6.16). Paleocirculation proxies
show a decrease from 3 Ma onwards to less radiogenic Pb values consistent with the
tindings of Frank, ef al. 2002 of a reduced export of NADW during the Pleistocene as the

AMOC is reduced to its shallow glacial mode of circulation (Figure 6.20).
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7.1 Key Findings

At any one time, the Pacific Deep Western Boundary Current holds a record of the
prevailing climatic and tectonic conditions within its physical and chemical properties, as
it is these external and internal earth processes that determine the delivery of elements to
deep ocean via controls upon: the weathering, mass wasting and erosion of the
surrounding continents and subsequent transport to the oceans via riverine, aeolian and
glacial processes; from volcanic eruptions, rifts and hydrothermal vents; to a constant rain
of cosmogenic particles; in addition to gaseous exchanges with the overlying atmosphere
(e.g., Oz, COy), and the settling of dead organic debris to the seafloor. These chemical
signals are translated through the oceanic medium to deep sea FMNs, as they sequester
these elements over millions of years from abyssal ocean currents into their successive
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the climatic-oceanic-tectonic conditions of the surrounding environment during
accretion. Unravelling the physical and chemical properties of a large hydrogenous nodule,
accreted from waters of the PDWBC, in order to determine its chemical history, was the

main aim of this thesis.

In order to determine the paleoenvironments recorded in U1365B-M: (1) a separation
technique was developed to isolate the seawater component; (2) the age model established
for the U1365B-M (and selection of the Campbell Nodule Field) was revised and utilised to
provide an up-to-date chronology, total, authigenic and detrital growth rates, and to
determine distinctly different phases of accretion (nodule zones) preliminarily based on
growth rate changes; (3) the physical archives — macrostructures, microstructures, detrital
and authigenic components where assessed; (4) the chemical archives - major, minor,
trace and Pb isotopic compositions were analysed, and (5) previously reported changes in
the late Neogene evolution of the oceans and climate (on a local, regional and global scale)
where associated with key changes identified from the application of 1-4 above. These five
pre-requisites for paleoenvironmental reconstruction constituted the objectives of the
thesis. The key conclusions derived from applying each of the five objectives are

summarised in the following sections.
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Objective 1: Isolating the seawater component

The new wet chemistry technique successfully isolates both the seawater (authigenic) and
land (detrital) derived nodule fractions, offering an alternative to bulk chemical analyses
and eliminating the need for complicated sequential leaching procedures. The technique
provides a simple, unified approach to complete multi-elemental and Pb isotopic analysis
of the isolated seawater fraction, with the potential to expand upon elemental and isotopic

analyses and to perform similar investigations on the detrital nodule component.

Objective 2: Revising & utilising the chronological framework

Beryllium dating performed on U1365B-M was updated to provide a late mid Miocene
through recent chronology for U1365B-M (12.7 Ma to present), and found that Co
chronometers were not reliable in their ability to reproduce a comparable chronology or
growth rates. The application of a growth model to beryllium dating, enabled the
identification of key points in time in which U1365B-M changed its mode of accretion and
were used to divide the chronology into a series of time zones based on associated changes
in texture. Total, authigenic and detrital growth rates were calculated from the revised age
model providing insights in to the hydrogenous mode of nodule accretion, and most
noticeably, the significant decrease in growth rates c. 6 Ma associated with the onset of

present day thermohaline circulation.

Objective 3: Unravelling the physical archives

Stratigraphic analysis of U1365B-M revealed five major changes in internal structure: (1)
core zone (12.7 to 11.9 Ma), (2) iris zone (11.9 to 9.2 Ma), (3) compact zone (9.2 to 6.3
Ma), (4) crumbly zone (6.3 to 4.7 Ma) and a banded zone (4.7 to 0 Ma). These time zones
coincide with those previously reported for other FMNs and crusts from the Circum-
Antarctic, Pacific and Indian Oceans. As such U1365B-M has apparently preserved the
signatures of long-term oceanographic events with considerable consistency on a global
scale. Each zone represents a different mode of nodule accretion in response to a change in
the depositional environment and display characteristic trends in their microstructures,

proportions of authigenics and detritals in addition to their chemical content. In general,
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microstructures grade from mottled to cuspate to columnar to laminated as detrital
material declines from 45 to 20 % and authigenic precipitates increase and the chemical
content mimics this trend by becoming progressively more cyclical in chemical variations
as the nodule becomes progressively more banded with the onset of Pliocene-Pleistocene
G-I cycles. Further evidence that each subzone was accreted in a different environment of
deposition comes from Pb-Pb mixing arrays, which display unique end-member Pb

sources for each time zone identified.

Paleoenvironment of deposition

U1365B-M records five distinctly different physiochemical fingerprints for U1365B-M
over its growth history associated with: [1] Core zone, declining temperatures of the late
mid Miocene (12.7 to 11.9 Ma); [2] Iris zone, maximum Antarctic ice-sheet activity,
aeolian fluxes and PDWBC speeds (11.9 to 9.2 Ma); [3] Compact zone, progressive cooling
of the late Miocene and a transitional ocean (9.2 to 6.3 Ma), [4] Crumbly zone,
establishment of modern thermohaline circulation (6.3 to 4.7 Ma), and; [5] Banded zone,

from the warm Pliocene to cool Pleistocene ocean (4.7 to 0 Ma).

Paleocurrent speeds

Strength of the PDWBC, based on detrital incorporation associated with seafloor scouring
of these powerful currents, indicates a long-term decrease in current speeds, with phases of
more vigorous current activity occurring at [12.5 to 11.5], [10.5 to 9], [7 to 6], and [3 Ma
onward] closely correlating with local (13 to 10 and 8 to 6 Ma) and global (Neogene
hiatuses NH3 to 9).

Objective 4: Unravelling the chemical archives

The large geochemical data base of U1365B-M as assessed in terms of paleoprecipitation
and element associations or deposition of Fe-Mn precipitates and the mechanisms
involved in the sequestration of tracer elements from seawater; paleosource, on a global,
regional and proximal scale; the novel application of paleoproductivity and redox proxies
in addition to proxies concerning paleocirculation, the latter of which may also reflect ice-

sheet dynamics over the late Neogene.

Chapter 7 Addressing the Aim & Objectives 173



Paleoprecipitation & element associations

The geochemical suite of elements analysed fall into three main clusters, elements
associated with Mn, a biogenic phase and Fe, respectively. With the mangophile elements
forming group 1 (Ni, Cd, Tl) and group 2 (U, W, Co, Mn, Mo); biogenic elements for
group 3 (Cu-Zn), and FeOOH associated elements forming group 4 (V, As, Ce, Er, Pb, La,
Gd, Dy, Nd, Sm, Eu), inferred to be associated with epitaxiallly interwoven Mn and Fe
minerals, group 5 (Nb, Fe, Bi, Th, Lu, Y, Yb, Zr, Hf) thought to be associated with pure
FeOOH colloids precipitated from seawater and group 6 (Ba, Sb, Ta) thought to be
associated with the background detrital contributions to seawater due to the closer
approximation of these chemical profiles with that of the detrital % incorporation.
Elements are grouped in U1365B-M according their speciation in seawater, with Ni, Cd, T1
forming chloride complexes, the YREE forming hydroxide complexes, Cu and Zn forming
organic bound ligands, Mn, Mo, Co, U, and W forming oxide complexes and so forth.
Those elements displaying similarities of less than 70 % have been inferred to be associated
with more than one dominate speciation in seawater and thus are associated with various
groups of elements. These findings are similar to those previously reported from sequential
leaching techniques and thus provide additional support for the technique developed here

in analysing Fe-Mn deposits.

Paleosource

U1365B-M is a hydrogenous FMN, having derived its geochemical composition from the
direct precipitation of elements from the PDWBC, with little to no diagenetic or
hydrothermal contributions. Any hydrothermal and diagenetic contributions have thus
become part of the general background seawater chemistry of the PDWBC. Thus, no
significant suboxic or oxic release of interstitial waters have contributed elements
diagenetically to U1365B-M indicating that the oxygen concentration of the PDWBC must
have remained > 5 pM (boundary between oxic and suboxic conditions). Additional
physiochemical parameters such as: spherical shape; smooth surface texture; slow growth
rates ¢. 5.7 mm/Ma; average Mn/Fe values of close to unity; low Co+Ni+Cu contents (<1
wt %); high positive Ce/Ce* anomalies (>1), and; all U1365B-M samples plotting within
the hydrogenous end-member field on the Fe-Mn(Co+Ni+Cu x10) ternary diagram, all

attest to a hydrogenous mode of formation for the duration of the nodules 12.7 Ma growth
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history of U1365B-M. From 12.7 to c¢. 8 Ma U1365B-M displays Mn/Fe and Co+Ni+Cu
contents comparable to present day Antarctic FMNs. However, from c¢. 8 Ma onward
U1365B-M is more comparable with Pacific FMNs, which would be consistent with results
from the chemical archives indicating increasing contributions of Pacific waters to the
PDWBC. On a regional scale the PDWBC is unlikely to have received riverine sourced
elements due to the location of the nodule field within a sediment derived region of the
deep ocean, in addition to the inactivity of the Solander Trough until c. 1.7 Ma (according
to Pb isotopic compositions, when Southern Alps-Solander Trough-PDWBC connections
were established. During the phase of maximum ice-sheet expansion, Pb isotope may
indicate increased aeolian fluxes to the deep ocean in association with reduced sea-levels,
and aridification during this climatically cool period, as reported by other authors for the

southwest and greater Pacific.

With the sample resolution used in our method of FMN analysis it is difficult to
associate short lived local volcanic events with the Pb isotopic record. However, it appears
that MORB is a potential mixing end-member of Pb within the PDWBC, in addition to
crustal averages of NADW preserving ancient continentally soured Pb and NPDW
preserving a record of young volcanic arc derived Pb. The results of Pb-Pb mixing arrays
indicate the Indian-Atlantic MORB was a potential Pb end-member of the mixing arrays

from 13 to 1.7 Ma followed by an association with Pacific MORB thereafter.

Paleoproductivity

Previously reported proxies of authigenic Ba concentrations and Ba/Th values were
applied to U1365B-M in addition to proxies developed based on inter-element associations
and relationships of certain elements to biological productivity reported in the literature
and are: Zn/Cu, Ba/Cu and Mn/(Ni+Cu). All proxies appear to correlate well with
previously reported biogenic bloom events c. 7 to 4 Ma and carbonate crash events c. 12 to
9 Ma of the late Neogene and indicate more specifically high productivity between c. 13 to
12 Ma, c. 10.6 Ma, c. 9.5 to 8 Ma, and 7 to 4 Ma, generally in associations with warmer
climatic regimes and low biological activity between c. 12 to 11 Ma, 10.6 to ¢. 9.5 Ma, 8 to 7
Ma from 4 Ma to present, generally in association with colder climatic regimes and(or)

enhanced periods of fast corrosive currents. The Mn/Fe time-series for U1365B-M appears
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to reflect the step-wise deepening of the CCD in the region indicating as of yet
undetermined long-term controls due to the cyclical nature of the Mn/Fe curve displaying
periods of 5 — 6 Myrs of chemical stability and rapid 1 Myr transitions (at c¢. 7 and 1 Ma) to

new equilibrium states where the fractionation of Mn and Fe are constant.

Paleoredox

Paleoredox proxies V/(V+Ni), Ni/Co and U/Th indicate that U1365B-M has precipitated
from a highly oxic PDWBC throughout its 12.7 Ma growth history. However, within this
oxic marine environment, the time-series of Th/U, Ce/Ce*, Eu/Eu* and V/(V+Ni) indicate
a long-term progressive reduction in ocean oxygen, consistent with long-term declining
bottom water temperatures for the Atlantic and Pacific. The apparent decline in ocean
oxygen occurred in three main steps between 9.5 and 8.4 Ma, 6.3 to 4 Ma and from 2.5 Ma
to present. These transition phases to lower O, are synchronous with inferences of
biological blooms recorded in the paleoproductivity proxies. Paleoredox proxies show
short-term (c. 1- 3 Myrs) perturbations in long-term trends with higher ocean O,
occurring during peak glacial advances (e.g. at 10 and 3 Ma) consistent with deep-sea
hiatuses inferred to record phases of increased bottom water velocities that are well-
oxygenated and serve to ventilate the deep ocean. Paleoredox proxies thus highlight the
importance of abyssal current velocities and corrosiveness on the ventilation of the deep

ocean, causing perturbations in the long-term trend of reduced oxygen content.

Paleocirculation

The application of Pb isotopes could not be used to discern a global provenance from 13
to 1.7 Ma as the isotopic compositions of the potential source arcs and sediments, each
show a wide range of compositions and largely overlap. However, Pb compositions of
U1365B-M are mid-way between unradiogenic young Pacific arc leads and radiogenic old
continental terrains. The unique lead signature recorded by U1365B-M was thus
determined to be derived from advected Pb dissolved in ¢eLCDW of the ACC-PDWC. This
is counter intuitive to the short residence of Pb (c. 50 yrs in the Southern Ocean) however
this ‘Sr’-like behaviour is commonly reported in the application of Pb isotopes in FMNs
and crust studies. From 1.7 Ma to present Pb compositions are obscured from the

inundation of local sources.
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For U1365B-M>PDWBC Pb isotopic compositions either reflect varying export of
Pacific and North Atlantic deep waters over the late Neogene and (or) Antarctic ice sheet
activity. From 13 to 10 Ma the shift to more radiogenic Pb values (characteristic of present
day NADW) may reflect increased export of NADW and(or) spin-up of the ACC (as
supported by the correlation of detrital mineral proportions and the occurrence of deep
sea hiatuses) consist with a period of well-documented ice sheet development on
Antarctica, and thus could equally reflect the systematic and progressive long-term build-
up (3 Myrs) of the Antarctic ice-sheet to maximum extents at c. 10 Ma, and progressive but
faster demise of these excessive ice-sheet until “factory settings are restored c. 8 Ma). The
HREE/LREE profile may also reflect such trends, due to the peaks in values at c. 10 Ma
associated excessive maximum ice sheet activity of Antarctica and equally with rapidly
increasing values c. 3 to 1 Ma associated excessive maximum ice sheet activity of the
Northern Hemisphere. Alternatively, from 10 — 8 Ma, the return to more non-radiogenic
values (characteristic of present day NPDW Pb compositions) is consistent with the
findings of van de Flierdt et al. who interpret this to reflect increased export of Equatorial
Pacific Deep Water (to their nodule growth site) due to closure of the Indonesian Gateway
to deep water exchange at c¢. 10 Ma and the resulting reorganisation of ocean currents
thereafter, which are also supported by Er/Lu and Er/Yb values which indicate a
progressively strong Pacific fingerprint within the PDWBC over the growth history of the
nodule. The HFSE ratio Zr/Hf, presents a promise in their application as water mass
tracers. The Zr/Hf of U1365B-M fits in well with the predicted values for AABW-LCDW
of <300. The Zr/Hf time-series displays more Pacific-like values from c. 10 Ma to present-

day and appear to compliment the results of the more robust application of Pb isotopes.

Objective 5: Unravelling the late Neogene evolution of the PDWBC

From a revision and assessment of beryllium cosmochronometry, analysis of macro- and
micro- growth structures, authigenic and detrital nodule components and growth rates,
analysis of major, minor and trace element chemistry and Pb isotopic analysis, in addition
to the application of multiple paleosource, paleocirculation proxies and novel application
of paleoproductivity and redox, five major accretion periods and corresponding

paleoenvironments can be ascertained for the late Neogene evolution of the PDWBC.
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Phase 1: The late mid-Miocene PDWBC

The first period of nodule growth is a faster accretionary period, distinguished by its
calcareous shell fragment at the core, surrounded by dark red-brown Fe-Mn precipitates,
and white-grey aluminosilicates and characterised by mottled microstructures due to high
detrital incorporation. The physical and chemical archives of U1365B-M indicate that the
PDWBC, during this phase of globally depressed atmospheric and oceanic temperatures,
was characterised by the most oxygen rich conditions of the late Neogene. Current
strengths were powerful enough to scour seafloor sediments, proximal to U1365B-M, and
to carve out significant Neogene hiatuses surrounding the Southern Ocean (in association
with combined ACC-PDWBC flow) and further north in the sub-tropical Pacific (where
the PDWBC flows on solo into the Greater Pacific). Paleoproductivity proxies indicate the
beginning of a carbonate crash event in association with significant carbonate dissolution
due to a shallow CCD. As such, Fe contents (and group 4 to 6 elements) are high, whilst
the Mn contents (and group 1-2 elements) are of low enrichment. Paleocirculation proxies
suggest the PDWBC transmits a strong NADW signal throughout this interval or, in the
case of Pb, (and potentially HREE/LREE values) records systemically more radiogenic Pb

in response to increased ice-sheet activity.

Phase 2: The late Miocene PDWBC

The paleoceanographic conditions of the PDWBC established during the late mid-
Miocene are strengthened over this second phase of accretion, distinguished by the lighter
zone textures, in association with highest detrital incorporation percentages. Current
speeds appear to increase and remain well-ventilated, dissolution of marine carbonates
progresses, and the shift toward more radiogenic Pb isotopic compositions (and
HREE/LREE) progresses, reaching a maximum at 10 Ma synchronous with records of
maximum Antarctic ice-sheet expansion, and continuous export of NADW into the
Southern Ocean. The excursion toward radiogenic Pb values has been associated with
further restriction of the Indonesian seaway to bottom and deep water circulation between
the Pacific and Indian Oceans in addition to a phase of shoaling of the Panama Isthmus,
leading to the increased divergence of warm tropic waters into the North Atlantic and
strengthening of the ‘NADW’ fingerprint being exported to the Southern Ocean and

incorporated into the PDWBC through effective mixing within the greatly sped-up ACC

Chapter 7 Addressing the Aim & Objectives 178




onclusions o o

at this time. Additionally, the shift in Pb isotopic compositions in Pb-Pb space, indicate the
PDWRBC receives an increased aeolian flux in association with the colder, drier climate and

shallow glacial ocean.

Phase 3: The terminal late Miocene PDWBC

This phase of FMN growth is a slowing accretionary period, displaying reductions in
detrital components and as such, microstructures grade from mottled to cuspate, as Mn
and mangophile elements increase in concentration. This phase of accretion is
characterised by a three-fold (zone 3i & 3ii and mid-way in 3ii) evolution of PDWBC
chemistry: (1) From [10 to 8.4 Ma] the PDWBC is in a transitional state, bottom water
temperatures are reported to be higher and ocean oxygen (redox proxies) is significantly
reduced as surface water productivity increases (productivity proxies). The large excursion
to more radiogenic Pb is systematically and gradually reduced to those characteristic of the
PDWBC before the excursion occurred, potentially in response to: (a) closure of the
Indonesian gateway and the resulting re-organisation and strengthening of Pacific
circulation, strongly indicated by paleocirculation proxies which record an increasing
‘equatorial Pacific’ like signal from 10 Ma onward; (b) reduced spin up of the ACC during
this period of relatively warmer conditions and thus a reduced NADW signal, indicated by
the lack of regional hiatuses and declining detrital incorporation; (c) reduction of Antarctic
ice-sheet activity after reaching a critical threshold at 10 Ma; (2) From [8 to 7 Ma] the CCD
deepens, indicated by an increase in the Mn/Fe value as Fe delivery to the deep ocean is
reduced due to decreased carbonate dissolution, and; (3) [7 - 6 Ma] when both detrital
proportions and authigenic element concentrations increase potentially in response to a
tresh influx of young AABW into the PDWBC as sheets are proposed to have increased

once more, maintaining stable Ocean oxygen levels.

Phase 4: The Miocene-Pliocene PDWBC

This fourth phase of growth is a slower accretionary period, marking the transition from
previously higher accretion rates to those that are greatly reduced and the previously
mottled and cuspate microstructures of the previous zones become continuously
laminated and structured from this point forward. This phase of growth signifies a change
in PDWBC chemistry, associated with the onset of modern thermohaline circulation,

recorded in U1365B-M by transition from Atlantic to Pacific like Zr-Hf values, declining
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ocean oxygen as bottom waters become progressively frigid, and a biological boom in
surface water productivity in response to: expansion of the west Antarctic ice sheet cooler,

drier climates and enhanced AABW production.

Phase 5: The Pliocene-Pleistocene PDWBC

The final phase of growth is the slowest accretionary period over which with
microstructures become progressively more laminated on a finer micro-millimetre scale,
indicative of strong PDWBC currents facilitating the accretion of a more compact and
pure ferromanganese zone, displaying high concentrations of Mn (and associated
elements, including group 3- Cu & Zn) and reductions in Fe (and associated elements).
During the warm Pliocene [4.7 Ma to 3 Ma], a slight return of cuspate microstructures,
reduction of detrital grains, and increase in the redox proxies over this interval, indicate a
slower, warmer an increasingly ventilated Pliocene PDWBC. Significant reversals in long-
term chemical trends occur at c. 4 Ma, most noticeable in the group 3 and HREE/LREE
profiles, potentially recording the chemical response of the PDWBC to final closure of the
Central American Seaway, and(or) the coeval shift and weakening of Indonesian
Throughflow from a more southerly position to its more northern position of present,
accompanied by a weakening of this flow. The transition from a warm Pliocene to a cold
Pleistocene PDWBC is marked by cyclical spurts of increased Fe-Mn scavenging of tracer
elements to greater levels of enrichment, which generally rise to their highest
concentrations at 3 Ma (especially groups 4-6) and 1 Ma (especially groups 1-3), the latter
of which is associated with the final shift in Mn/Fe values to double that of the terminal
Miocene, indicating a further deepening of the CCD and thus decrease in PDWBC
corrosivity. Productivity proxies are not in agreement over this period except for the
decline in values to c. 1.5 Ma. Paleoredox proxies display a continued decrease in ocean
oxygen as the oceans continued to cool and Paleocirculation proxies show a decrease from
3 Ma onwards to less radiogenic Pb values consistent with a reduced export of NADW

during the Pleistocene as the AMOC is reduced to its shallow glacial mode of circulation.
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7.2 Future Challenges

With the enormous volume of publications on FMNs, FMCs and more recently Fe-Mn
oxyhydroxide fractions of deep-sea sediments, it would be beneficial for any future studies
if the results derived from the physical and chemical archives of these deposits were made
available in one place, via the world wide web or any other medium, so that a
comprehensive and critical assessment can made of all the data gathered. Furthermore,
although a grand task, a critical review and summation of the key conclusions made from
these studies in light of all chemical, geological, biological and physical factors that
influence the formation and enrichment of ferromanganese both presently and in the

geological past, would provide an invaluable reference for future research.

As FMNs and crusts are basically condensed stratigraphic sections, it would be
intriguing to see them treated as such, with the principles of stratigraphy and cross-
correlation applied between different deposits in various parts of nodule fields, the regional
basin and global ocean. Additionally, the identification of key ‘time markers’ in FMNs,
when the texture and growth rate of these deposits changed synchronously on a global
scale, was presented in the 1980s, and, aside from ‘one line comments’ in some
publications, little work has been done to explore this concept of marker beds within
FMNs and to compile and correlate these time markers recorded in the literature, despite
the wealth of information on deep ocean processes that could come from doing so.
Equally, although isotopic studies provide a more constrained review of the various
processes being investigated, there needs to be further investigations conducted on
explaining variations in element associations, concentrations and ratios, and their
application as proxies of source, redox, productivity, incongruent weathering, ice sheet
dynamics and so forth. The large geochemical data base gathered here, presents the
potential for further investigation of the elemental chemistry of FMNs and their potential

application as proxies of past oceanic conditions.

On a final note, the method developed and applied in this thesis could be improved by
incorporating an additional radiometric dating method i.e. *°Th/***Th, which can provide

detailed age models for the past c. 3 kyrs. In doing so, both a long-term (13 to 0 Ma) and
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short-term (c. 3 - 0 kyrs) assessment of FMN archives would enable a more complete
paleoenvironmental reconstruction over the late Neogene and provide insight into late
Pleistocene G-I cycles. Furthermore, selected ‘crust to core’ depth profiles could be
sampled using both the micro-sampling and wet chemistry methods of authigenic
beryllium dating (Section 4.n) and bulk in situ laser ablation ICP-MS methods. Micro-
sampling (1-2 mm) yields a resolution of c. 200,000 kyrs, whilst laser ablation profiles (30-
50 microns) would represent a temporal resolution of c. 10 kyrs. Authigenic geochemical
data from the micro-sampling technique can be used to calculate dilution effects of detritus
present in the bulk LA-ICP-MS profiles. The dilution effects can then be corrected for to
provide an authigenic record. Both dating methods can be manipulated to provide a
detailed and comprehensive age model for both micro-sampling and laser ablated chemical

data, thus providing a much higher resolution record of past ocean chemistry.
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THERE IS NOT ANYTHING WHICH RETURNS TO NOTHING, BUT ALL THINGS RETURN
DISSOLVED INTO THEIR ELEMENTS.

- Lucretius, DE RErRuM NATURA, 50 BC
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