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Abstract

Bioactive trace metals, including copper (Cu), zinc (Zn), nickel (Ni) and cadmium (Cd), are essential
micronutrients to marine phytoplankton and their availability in the surface ocean has been shown to
influence phytoplankton community composition and abundance. Through photosynthesis,
phytoplankton are the primary drivers of the marine carbon cycle therefore constraining trace metal —
phytoplankton dynamics, as well as other biogeochemical processes controlling trace metal
distributions, is critical to understanding the greater carbon cycle. Owing to logistical constraints, less
attention has been directed toward trace metal cycling on a seasonal basis. This is particularly important
in the high latitude ocean regions where large seasonal fluctuations in environmental conditions e.g.
light, wind and temperature, are likely to impact trace metal distributions directly or indirectly. To this
end, this study focuses on the data scarce Southern Ocean and investigates the distribution and
biogeochemical cycling of Cu, Zn, Ni and Cd in summer and in winter, two seasons with contrasting
environmental conditions for phytoplankton growth. This framework provided a unique opportunity to
characterise the Southern Ocean winter reset period and to assess the role of deep winter mixing as a
potential in-situ physical trace metal supply mechanism to aid surface productivity.

In order to address these questions, research cruises were conducted in summer and winter in the
Atlantic sector of the Southern Ocean (0 - 8°E) while a third cruise took place in winter in the Indian
Sector of the Southern Ocean (30°E). In the Atlantic sector, first winter measurements of dissolved (0.2
pm filtered seawater) Cu (dCu), Zn (dZn) and Ni (dNi) were compared with corresponding summer
measurements from the same locations. Differences in trace metal distributions were most evident in
the surface mixed layer where winter concentrations were consistently greater compared to summer.
Variations in trace metal seasonality were also linked to latitude whereby seasonal variations observed
near the Sub-Antarctic Front (SAF; ~ 46°S) were negligible for all three trace metals and largest
variations, up to 2.0 nmol kg for dCu, 1.2 nmol kg for dZn and 0.3 nmol kg for dNi, were observed
near the southern extent of the Antarctic Circumpolar Current (ACC; ~ 54°S). The primary driver of
these variations was through differences in biological activity with lower trace metal utilisation during
winter. Sub-optimal growth conditions experienced by phytoplankton during the winter were further
confirmed through calculated trace metal uptake ratios and estimations of phytoplankton productivity.
Our results further suggest that deep winter mixing, i.e. the mixing of depleted summer surface waters
with nutrient enriched sub-surface waters, constitutes a potentially significant surface water source of
dCu, dZn and dNi with implications for phytoplankton productivity over the subsequent spring and

summer seasons.




Stellenbosch University https://scholar.sun.ac.za

Front Pages

In the Indian sector of the Southern Ocean (30°E longitude), winter measurements of dZn and dissolved
cadmium (dCd) were coupled with particulate (> 0.45 um filter) zinc (pZn) and cadmium (pCd) in an
effort to investigate winter trace metal cycling in more detail. Distinct changes in dissolved and
particulate Cd and Zn cycling were observed between the various frontal regions encountered and were
related to changes in phytoplankton community composition and physical circulation patterns. Our data
suggests diatoms are major drivers of the observed trace metal gradients through their preferential
consumption of dCd and dZn, relative to the major nutrient phosphate (POs), in the Antarctic Zone
(AAZ). Here, high dCd/POs and dZn/PO, uptake ratios set the high ratios of pCd and pZn to
phosphorous (P; pCd/P; pZn/P) observed in surface waters. Ultimately, the uptake characteristics of
diatoms at higher latitudes influences Cd and Zn cycling at lower latitudes as a result of the northward
flow of surface waters depleted in dCd and dZn. In addition, because diatoms require silicic acid
(Si(OH)4), the export of their cells below the winter mixed layer provides additional insights as to the
observed deep water coupling of dZn and Si(OH)s. Below the surface, Cd and Zn cycling is
predominantly controlled by remineralisation, vertical mixing and upwelling. We conclude that winter
Southern Ocean surface waters are not biologically dormant and that trace metal cycling is influenced

by biological productivity during winter.
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Opsomming

Bio-aktiewe spoormetale, insluitend koper (Cu), sink (Zn), nikkel (Ni) en kadmium (Cd), is
noodsaaklike mikrovoedingstowwe vir mariene fitoplankton. Daar word getoon dat die beskikbaarheid
van hierdie bio-aktiewe spoormetale in die oppervlakwater van die oseaan die
fitoplanktongemeenskappe se samestelling en weligheid beinvloed. Fitoplankton is die primére
dryfveer vir die mariene koolstofsiklus deur fotosintese. Die ontleding van die dinamika tussen
spoormetale en fitoplankton, asook die ander biogeochemiese prosesse wat die verspreiding van
spoormetale beheer, is kritiek tot die verstaan van die groter koolstofkringloop. Seisoenaal word daar
minder aandag gegee aan spoormetaal-siklussering as gevolg van logistieke beperkinge, veral in die
hoé breedtegraad oseaanstreke. In hierdie streke is die kanse groter dat die verspreiding van spoormetale
direk of indirek beinvloed word deur die groot seisoenale skommelinge in omgewingstoestande soos
lig, wind en temperatuur. Derhalwe fokus hierdie studie op die Suidelike Oseaan waaroor daar ‘n
skaarste aan data is en ondersoek dit die verspreiding en biogeochemiese siklussering van Cu, Zn, Ni
en Cd in die somer en winter, twee seisoene met uiteenlopende omgewingstoestande vir die groei van
fitoplankton. Hierdie raamwerk bied ‘n unieke geleentheid om die tydperk van herset tydens die winter
in die Suidelike Oseaan te karakteriseer en die rol van diepte-vermenging in die winter as ‘n potensiéle
meganisme om ter plaatse spoormetale te voorsien wat produktiwiteit in die oppervlakwater van die

oseaan bevorder, te bepaal.

Ten einde hierdie vrae aan te spreek, is navorsingsvaarte tydens somer- en wintermaande in die
Atlantiese gedeelte van die Suidelike Oseaan (0 - 8°E) uitgevoer. ‘n Derde navorsingsvaart het tydens
die winter in die Indiese gedeelte van die Suidelike Oseaan (30°E) plaasgevind. In die Atlantiese
gedeelte is die metings van opgeloste (0.2 um gefiltreerde seewater) Cu (dCu), Zn (dZn) and Ni (dNi),
wat vir die eerste keer tydens die winter geneem is, vergelyk met die ooreenstemmende metings wat in
die somer by dieselfde ligging geneem is. Die verskil in die verspreiding van die spoormetale was die
duidelikste in die oppervlakmenglaag. Hier was die konsentrasies, wat in die winter gemeet is,
deurgaans hoér as in die somer. Variasies in die seisoensgebondenheid van spoormetale is ook aan
breedteligging verbind. Die veranderinge wat tydens die seisoenskommeling by die Subantarktiese
Front (SAF; ~ 46°S) waargeneem is, was weglaatbaar klein vir al drie spoormetale. Die grootste
variasies, tot 2.0 nmol kg* vir dCu, 1.2 nmol kg™ vir dZn en 0.3 nmol kg vir dNi, is naby die suidelike
reikwydte van die Antarktiese Sirkumpolére Seestroom (ACC; ~ 54°S) waargeneem. Die hoofdryfveer
van hierdie variasies was deur die verskil in biologiese aktiwiteit, met ‘n laer benutting van spoormetale
in die winter. Die fitoplankton het in die winter suboptimale toestande vir groei ervaar, iets wat verder
bevestig is deur die berekening van die verhoudings van spoormetale se opname en die skattinge

rakende die produktiwiteit van die fitoplankton. Ons uitslae dui verder daarop dat die diepte-
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vermenging in die winter, m.a.w. die vermenging van die uitgeputte oppervlakwater van die oseaan van
die somerseisoen met die dieper water wat verryk is met voedingstowwe, moontlik ‘n beduidende bron
van dCu, dZn and dNi in die oppervlakwater van die oseaan uitmaak. Dit het implikasies vir

fitoplanktonproduktiwiteit gedurende die daaropvolgende lente en somer.

In die Indiese gedeelte van die Suidelike Oseaan (30°E lengtegraad), is die metings van dZn en
opgeloste kadmium (dCd) wat in die winter gemeet is, verbind met partikulére (> 0.45 um filter) sink
(pZn) en kadmium (pCd) in ‘n poging om spoormetaal-siklussering in die winter in meer diepte te
ondersoek. Onmiskenbare veranderinge in die opgeloste en partikulére Cd en Zn siklussering is tussen
die verskeie frontale streke waargeneem. Dit is verwant aan die veranderinge in die samestelling van
die fitoplanktongemeenskappe en die fisiese sirkulasiepatrone. Volgens ons data is diatomeé die
hoofaandrywers van die gradiénte van die spoormetale se konsentrasies wat waargeneem is. Dit is
oorwegend as gevolg van diatomeé se voorkeur vir die verbruik van dCd and dZn, relatief tot fosfaat
(POs) as die vername voedingstof in die Antarktiese Zone (AAZ). Hier word daar in die oppervlakwater
van die oseaan waargeneem dat hoé verhoudings van dCd/PO4 en dZn/PO4 se opname lei tot hoé
verhoudings van pCd en pZn tot fosfor. Uiteindelik beinvioed die kenmerkende manier waarop
diatomeé hierdie spoormetale opneem by hoér breedteliggings die siklussering van Cd en Zn by laer
breedteliggings as gevolg van die noordwaartse vloei van die oppervlakwater van die oseaan wat
uitgeput is aan dCd en dZn. Boonop verskaf die besinking van diatomeé tot onder die menglaag in die
winter verdere insigte oor die aankoppeling wat tussen dZn en kieselsuur (Si(OH).) waargeneem word,
aangesien diatomeé kieselsuur benodig. Onder die oppervlak menglaag word die siklussering van Cd

en Zn oorwegend deur hermineralisering, vertikale vermenging en opwelling beheer.

Ons kom tot die gevolgtrekking dat die oppervlakwater van die Suidelike Oseaan nie in die winter
biologies onaktief is nie en dat spoormetaal-siklussering gedurende die winter deur biologiese

produktiwiteit beinvioed word.
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Chapter 1
Introduction to ocean biogeochemistry

1. Trace metals as micronutrients in the ocean

The modern ocean ecosystem is driven by photosynthesis, a biochemical process that converts carbon
dioxide (CO.) and water (H20) to glucose (sugar) and oxygen (O2) using sunlight (photons) as the
energy source. Phytoplankton are photo-autotrophic organisms, i.e. they are capable of performing
photosynthesis, and form the base of the marine food web such that all other organisms in the marine
ecosystem are dependent on them. Phytoplankton cannot function on light, CO, and H.O alone. Major
nutrient elements and trace nutrient elements are also essential for vitality. Chief among the required
major nutrients are nitrogen (N) and phosphorous (P) although diatoms, a major group of
phytoplankton, require additional silicon (Si) with which they build their protective frustules.
Phytoplankton assimilate these major nutrients, as well as carbon (C), in a more or less uniform ratio
referred to as the Redfield ratio (Redfield et al., 1963) with an elemental ratio of:

C:N:P =106:16:1. Eq. 1

In addition to the major nutrients, several trace nutrient elements or “trace metals” including iron (Fe),
zinc (Zn), copper (Cu), manganese (Mn), nickel (Ni), cobalt (Co) and cadmium (Cd) are essential for
phytoplankton growth and reproduction. Trace metals are used as co-factors in a myriad of different
enzymatic processes (Sunda, 1989) responsible for the uptake and transformation of C, N and P
including photosynthesis and respiration. The Redfield ratio was later extended to include trace metals

(e.g. Bruland et al., 1991) with an approximate elemental ratio of:
C:N:P:Fe:Zn:Cu,Mn,Ni,Co,Cd = 106:16:1:0.005:0.002:0.0004. Eq.2

From Eq.2 it is clear that phytoplankton require micronutrients in quantities far smaller compared to
the macronutrients and that there are large differences between individual micronutrient requirements.
The trace metal sufficiency (or deficiency) of phytoplankton cells depends on the specific enzymatic
requirement and the cellular metal concentration (cell quota). As such, deviations from the extended

Redfield ratio are observed throughout the global ocean.

Changes in the abundance and cycling of trace metals influences the distributions of phytoplankton
such that major chemical elements, most importantly C, are re-proportioned between the ocean and
atmosphere. The transfer of C from the atmosphere to the surface ocean and eventually to the deep
ocean storage reservoir is a process collectively referred to as the biological carbon pump (Marinov and
Sarmiento, 2004). To expand upon this, the uptake of CO, by phytoplankton for photosynthesis and

subsequent sinking/export of organic particles e.g. dead organisms and faecal pellets, results in the
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export or ‘pumping’ of C to the deep ocean. Simplified, once CO- is utilised in the surface ocean by
phytoplankton the water becomes undersaturated and the CO; is replenished through
atmosphere/surface ocean exchange. Ultimately, the amount of C that is brought to the deep ocean via
the biological pump affects the atmospheric CO, concentration and therefore the global climate. Perhaps
the best example of trace metals affecting the carbon cycle is the “iron hypothesis” (Martin, 1990).
Here, changes in the supply of dust (Fe) to the surface Southern Ocean, and the resulting stimulation of
algal growth, increased photosynthesis and carbon uptake, are thought to be a primary control of
atmospheric CO; levels, ultimately driving glacial/interglacial periods on earth. Considering the critical
role trace metals play in the global biosphere, it is of utmost importance to fully understand their
biogeochemical cycling, particularly in marine systems. This thesis aims to contribute to the growing
body of knowledge on the role trace metals play in the global biosphere and furthermore, to serve future

models in assessing the sensitivity of trace metal cycling to climatic changes.

2. The global importance of the Southern Ocean

The Southern Ocean is geographically constrained to waters between the Antarctic continent and the
40°S latitude (Orsi et al., 1995). The Southern Ocean plays a central role in the global thermohaline
circulation which ultimately impacts Earth’s climate over decadal to centennial timescales (see review
by Carter et al., 2009) as the Antarctic Circumpolar Current (ACC) and its offshoots provide direct
communication to the major ocean basins. Around the margins of Antarctica, cold and dense surface
water sinks to abyssal depths and is transported northwards via deep boundary currents into the other
major ocean basins (Figure 1; (Meredith, 2019)). Through vertical exchange processes (upwelling and
mixing), these deep waters rise, increase in temperature and contribute to warm surface circulation that
extends from the Pacific and Indian Oceans into the Atlantic Ocean. In the Atlantic, the warm and saline
surface waters flow north where the water cools and sinks at high latitudes to form deep waters which
flow south and eventually upwell in the Southern Ocean thereby completing one cycle of thermohaline
circulation (Broecker, 1991). Through the physical transport of Antarctic derived water masses, the
Southern Ocean has the potential to influence the biogeochemical cycling of elements on a global scale
(Sarmiento et al., 2004).

Apart from functioning as a central hub for thermohaline circulation, the Southern Ocean is
characterised by a unique interplay between phytoplankton productivity and nutrient availability. The
high latitude Southern Ocean is classified as a High Nutrient Low Chlorophyll (HNLC; Figure 2;
(Garciaetal., 2019)) region whereby an incomplete utilisation of the major nutrients (N, P), hence ‘high
nutrient’, in surface waters results in phytoplankton, represented by chlorophyll-a (chl-a), not growing
to their full potential, i.e. ‘low chlorophyll’. Portions of the north and tropical Pacific Ocean are also
classified as HNLC however the Southern Ocean is by far the largest such region. The limitation of

biological productivity in the Southern Ocean stems from trace nutrient/metal availability, most notably
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Fe (Boyd et al., 2000; Croot et al., 2004; de Baar et al., 2005; Martin et al., 1990), while light is also a
major potential factor inhibiting phytoplankton growth in the Southern Ocean (Mitchell et al., 1991;
Viljoen et al., 2018). Because the Southern Ocean is a key sink for anthropogenic CO; (Sabine et al.,
2007), variations in the efficiency of the biological carbon pump, as a result of trace metal availability,
may have consequences for the oceanic uptake of CO,. The research presented here contributes to the
global effort in understanding the impact of trace metal distributions on the efficiency of the biological
carbon pump.

Figure 1. Spilhaus projection, centered on Antarctica, showing the upper flow (red) and lower flow (blue) components of the
global thermohaline circulation system. Figure from Meredith, (2019).
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Figure 2. Global surface distributions of the major nutrient phosphate (P; uM) showing elevated concentrations particularly
throughout the Southern Ocean and also in the north and sub-Arctic Pacific Ocean. Figure from Garcia et al., (2019).

3. Biogeochemical cycling in the Southern Ocean

Naturally, one may ask the question of why is there a shortage of micronutrient trace metals in the
Southern Ocean? This is especially perplexing given that some trace metals e.g. Fe and Mn, constitute
relatively significant abundances in Earth’s crust (Rudnick and Gao, 2013) yet are present in sub-to-
nanomolar concentrations in the open Southern Ocean (e.g. Klunder et al., 2011; Middag et al., 2011).
Recent evidence suggests this phenomenon revolves around the supply of trace metal micronutrients
and the availability thereof. When considering that the major surface trace metal sources (Figure 3) are
river discharge (Little et al., 2014; Rijkenberg et al., 2014; Samanta and Dalai, 2018) and continentally
derived atmospheric deposition of aerosols (Chance et al., 2015; Jickells and Moore, 2015; Jickells et
al., 2016), it comes as no surprise that little direct influence is brought upon the remote open Southern
Ocean. However, the Southern Ocean does benefit from the seasonal melting of icebergs (Duprat et al.,
2016; Raiswell et al., 2008) and seasonal ice (Tovar-Sanchez et al., 2010; Wadham et al., 2013) laden
with entrained trace metals, a source unique to the polar oceans. The data however suggests that this
source is highly variable and often localised. Resuspension of sediment from continental margins
(Hawco et al., 2016; Nishioka and Obata, 2017; Noble et al., 2017), mixing of watermasses with
different preformed nutrient signatures, (Middag et al., 2019), mid-ocean ridge hydrothermal systems
(Noble et al., 2017; Resing et al., 2015; Roshan et al., 2016; Tagliabue et al., 2010) and seabed
interactions (Noble et al., 2017) represent variable mid-to-deepwater sources for select trace metals.
Furthermore, while acting as a source for certain trace metals, hydrothermal vent plumes and seafloor
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processes may act to remove others, e.g. Cu (Jacquot and Moffett, 2015), from the water column thereby
acting as a trace metal sink. In addition to limited trace metal supply, a host of processes relating to the
chemical speciation and physical form act to decrease trace metal micronutrient bioavailability.
Micronutrient elements exist in the ocean primarily in the form of strong organic complexes which have
fundamentally different biogeochemical properties compared to their respective bioavailable free
dissolved inorganic species (Bruland et al., 2014). This being said, the role of metal binding ligands in
complexing trace metals (Gledhill and Buck, 2012) and the processes controlling the partitioning
between varies trace metal size fractions, i.e. soluble (0.02um filtered seawater), colloidal (0.02 —0.2um
filtered seawater), dissolved (0.2um filtered seawater) and particulate (>0.45um) phases, are areas of
trace metal chemistry that require further investigation. These questions can be better resolved through
the production of large volumes of high quality trace metal data from targeted areas. In this regard, the
data presented here contributes substantially to the data scarce Atlantic and Indian sectors of the
Southern Ocean (Schlitzer et al., 2018).
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Figure 3. Schematic illustrating the dominant sources and sinks of trace metals (TM’s) in the ocean as well as major process
governing TM cycling.
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4. Accelerating trace metal research

The GEOTRACES programme (https://www.geotraces.org/) is the latest in a series of international
collaboration efforts aimed at progressing our understanding of the ocean. Previous oceanographic
programs such as the Geochemical Ocean Sections Study (GEOSECS), the World Ocean Circulation
Experiment (WOCE) and the Joint Global Ocean Flux Study (JGOFS), are the backbone upon which
our understanding of the biogeochemical cycles of carbon and major nutrients is based. The primary
aim of the GEOTRACES programme is to extend this knowledge to micronutrients by identifying
processes and quantifying fluxes that control the distributions of key trace elements and isotopes, and
to establish the sensitivity of these distributions to changing environmental conditions (Anderson,
2020). Under the GEOTRACES framework, the number of datasets and spatial coverage has increased
significantly which has certainly led to an acceleration of our trace metal understanding. This is largely
thanks to a central, open access data management system, referred to as the Intermediate Data Product
(IDP, e.g. Schlitzer et al. 2018), to which all trace metal and ancillary data is quality checked and stored.
The research manuscripts (chapters 2, 3 and 4) in this thesis benefited from the IDP in that it allowed
for the targeting of data scarce areas, both spatially and seasonally, as well as for data comparison

purposes.

5. Knowledge gaps

The Southern Ocean is the most understudied of all the major oceans with respect to trace metal
biogeochemistry (Schlitzer et al., 2018). A spatial and seasonal summary of all published Cu, Ni, Zn
and Cd datasets in the Southern Ocean is shown in Table 1. Two important observations are clear from
the literature. Firstly, existing data is heavily skewed toward the austral spring and summer seasons
(October-March). Secondly, the Indian Sector of the Southern Ocean is more data scarce compared to

the Atlantic and Pacific sectors. In this context, the primary objectives of this thesis were formed.

6. Objectives of this research

The research for this PhD project was conducted under the framework of the GEOTRACES
programme. With an overarching focus on identifying processes which control the distributions of key
trace elements, the primary objective of this research was to measure the distributions and investigate
the subsequent seasonal cycling of copper (Cu), zinc (Zn), nickel (Ni) and cadmium (Cd) in the data
scarce Southern Ocean (red blocks in Table 1). It is important to mention that this thesis forms part of
a broader project incorporating other key trace elements such as iron (Fe), manganese (Mn) and cobalt

(Co). In order to achieve this, several objectives were posed:

e To assess the role of deep winter mixing in re-supplying nutrient-type micronutrients Cu, Zn

and Ni to aid spring/summer phytoplankton blooms.

6
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Table 1. A spatial and seasonal summary of all published Cu, Ni, Zn and Cd datasets in the Southern Ocean. Blocks outlined in red represent data contributed by this thesis. References as
follows: [1](Boye et al., 2012); [2](Cloete et al., 2019); [3](Heller and Croot, 2015); [4](L&scher, 1999); [5](Martin et al., 1990); [6](Nolting et al., 1991); [7](Nolting and de Baar, 1994);
[8] (Westerlund and Ohman, 1991); [9](Safiudo-Wilhelmy et al., 2002); [10](Croot et al., 2011); [11](Sieber et al., 2019a); [12](Zhao et al., 2014); [13](Abouchami et al., 2014); [14](Baars et
al., 2014); [15](Hendry et al., 2008); [16](Sieber et al., 2019b); [17](Janssen et al., 2020); [18](Castrillejo et al., 2013); [19](Wang et al., 2018); [20](Abollino et al., 2004); [21](Butler et al.,
2013); [22](Corami et al., 2005); [23](Ellwood, 2008a); [24](Fitzwater et al., 2000); [25](Frew et al., 2001); [26](Grotti et al., 2001); [27](Lai et al., 2008); [28](Coale et al., 2005).

trace
Sector metal Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec References
Cu 1,2,3,4,5,6,7,8,9
Atlantic 24789
Zn 2,45,7,8,9,10,11,12
Cd 15,6,7,8,9,13,14,15,16
Cu 17
. Ni 17,18,19
Indian
Zn 17,18,19
Cd 17,18
Cu 17,20,21,22,23,24,25,26,27
- Ni 17,20,21,23,24,25,27
Pacific
Zn 11,17,21,22,23,24,25,28
Cd 16,17,20,21,22,23,24,25,26
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e Measure the winter distributions of Cd and Zn (both dissolved and particulate phases) in the
Indian sector of the Southern Ocean thereby contributing a unique spatial and seasonal dataset
to the global trace element database

o Identify processes controlling the biogeochemical cycling and speciation of the micronutrients
Cd and Zn.

e Characterise the Southern Ocean winter reset state, when conditions are theoretically

unfavourable for phytoplankton growth compared to summer.

7. Major themes and thesis structure

This thesis consists of five chapters and includes three stand-alone scientific papers. Each scientific
paper deals with a separate aspect pertaining to the study of trace metal biogeochemistry yet are linked

spatially, seasonally and through mutual objectives.

Chapter 2 presents distributions of Cu, Zn and Ni measured across a consecutive summer-winter cycle
along the Zero Meridian (between African and Antarctica) in the Atlantic sector of the Southern Ocean.
These three specific elements were chosen due to their similar global ocean distribution patterns. This
dataset represents the first winter Cu, Zn and Ni data from this monitoring line (and in fact first from
this sector) and also contributes the first summer measurements of Ni. Comparing seasonal
distributions, both latitudinally and vertically throughout the water column, provided a unique platform
to assess the role of deep winter mixing in resupplying trace metals to surface waters which would
otherwise remain depleted after the summer phytoplankton growth season. Results not only show that
deep winter mixing may entrain significant amount of these micronutrients but also that the winter
season is not as biologically dormant as expected. These results have been published in a special
GEOTRACES edition of Chemical Geology (Cloete et al., 2019).

In 2017, the decision to conduct a winter oceanographic expedition along the 30°E longitude again
provided a unigue opportunity to measure winter trace metal distributions for the first time in the Indian
sector of the Southern Ocean. Chapters 3 and 4 present the distributions of dissolved and particulate Cd
and dissolved and particulate Zn respectively. Consistent with our observations from the Atlantic sector,
our data suggest that biological uptake exerts an important control on trace metal cycling during the
winter months. Results show distinct latitudinal trends in Cd and Zn cycling, particularly in the
Antarctic Zone where the preferential uptake of Cd and Zn (relative to P) by diatoms coupled with
physical circulation patterns in the region of upwelling has implications for Cd and Zn cycling in surface
waters to the north. Chapter 3 has been prepared for submission to Frontiers in Marine Science: Marine

Biogeochemistry. Chapter 4 has been prepared for submission to Marine Chemistry.
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The concluding chapter, Chapter 5, presents a brief synopsis of the thesis, providing a summary of the
key findings outlined in the preceding chapters. To close, possible avenues for future research and
outstanding gaps in knowledge regarding trace metal biogeochemistry, particularly the seasonality
thereof, are identified.

There are 4 appendices included at the end of the thesis. Appendix A contains a detailed description of
the full sample collection and sample analysis protocol including data pertaining to the validation
thereof. Appendix B (summer) and C (winter) contain the datasets of dissolved Cu, Zn and Ni presented
in chapter 2. The data is accompanied by physical parameters (temperature and salinity) as well as
macronutrient data. Appendix D contains the complete dissolved and particulate Cd dataset presented
in chapter 3. Physical parameters (temperature and salinity) as well as macronutrient data are also
tabled. Appendix E contains the complete dissolved and particulate Zn dataset presented in chapter 4.

Physical parameters (temperature and salinity) as well as macronutrient data are also tabled.
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Abstract

First measurements of labile dissolved copper (LdCu) and dissolved zinc (dzn) and nickel (dNi) in the
Atlantic sector of the Southern Ocean in winter are compared with summer data at reoccupied stations
in order to better understand the winter reset state and supply of these trace metals to support
productivity. In summer, vertical profiles of zinc behaved similarly to silicate (Si) and increased from
sub-nanomolar surface concentrations to 8 nmol kg™ in bottom waters. Copper profiles also resembled
Si and were typically 1nmol kg in surface waters and increased to 3 nmol kg* at depth. First summer
nickel data reported from this transect displayed comparatively higher surface concentrations of ~4.6
nmol kg? increasing more rapidly to local intermediate depth maximums between 6.5 and 7.0 nmol kg
! similar to phosphate (POs). Trace metal seasonality was most apparent in the mixed layer where the
average of winter concentrations within the mixed layer exceeded summer values by approximately 0.2
nmol kg™ for LdCu, 1.2 nmol kg* for dZn and 0.3 nmol kg* for dNi owing to low utilization under
unfavourable growth conditions for phytoplankton. In an effort to estimate the winter reserve, two
scenarios were considered. Scenario 1 accounted for in-situ mixed layer depths (MLD) where the winter
reserve inventory was calculated by subtracting the summer depth integrated metal inventory (surface
to summer MLD) from the winter equivalent (surface to winter MLD). Scenario 2 assumed a constant
mixed layer (taken as the depth of the maximum winter mixed layer) where summer depth integrated
metal inventories (surface to maximum winter MLD) were subtracted from the winter equivalents
(surface to maximum winter MLD). Results for scenario 1 were predominantly dependant on the mixed
layer depth which varied spatially and seasonally. Scenario 2 showed a southwards increase in the winter
reserve inventory suggesting a greater role for entrainment at higher latitudes in this region. This is
however heavily dependent on other physical processes controlling vertical trace metal supply e.g.
diapycnal diffusion, Ekman upwelling/downwelling. Zinc (r? > 0.75) and copper (r> > 0.73) were
strongly correlated with Si throughout the study implicating diatoms as strong controllers of their
biogeochemical cycling. Nickel was more strongly correlated with PO, in the upper water column (r?>

0.75), as compared to the whole water column (r> > 0.52), while in the deep ocean nickel appears to
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correlate with Si although more deep ocean data is needed to confirm this. Trace metal to major nutrient
ratios were higher in winter suggesting reduced micronutrient requirement relative to macronutrients

under stressed but low productivity conditions.
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1. Introduction

Copper (Cu), zinc (Zn) and nickel (Ni) have been shown to exert important controls on phytoplankton
productivity and community composition (William G. Sunda, 1989). These metals serve as cofactors in
enzymes responsible for key metabolic functions such as photosynthetic electron transport via the
copper containing enzyme plastocyanin, uptake of carbon dioxide via the zinc containing enzyme
carbonic anhydrase and the acquisition of nitrogen from urea via the nickel containing enzyme urease
(Bruland, 1980; William G. Sunda, 1989). The ongoing advancement of ‘clean’ sampling and analytical
techniques since the late 1970°s (Bruland and Franks, 1979) has permitted scientists to investigate the
distributions of bio-active trace metals far more rapidly and accurately. Despite this, the Southern Ocean
remains relatively data scarce (Boye et al., 2012), particularly in winter (Ellwood, 2008b). Expeditions
into the Atlantic Sector of the Southern Ocean over a successive summer-winter cycle has provided the
unique opportunity to investigate the biogeochemical cycling of copper, zinc and nickel over seasonal

cycles.

1.1. Deep winter mixing as a nutrient supply mechanism

Winter deep mixing (or entrainment) has been identified as a major physical process supplying essential
trace metals to depleted surface waters which then sustains phytoplankton productivity over the
subsequent spring and summer seasons (Moore et al., 2002; Tagliabue et al., 2014). For the Southern
Ocean, a key player in the global carbon cycle, this sub-surface supply mechanism may be extremely
important given the inherently low trace metal concentrations and lack of major exogenous sources
(Bruland et al., 1991). In winter, deeper mixing compared to summer, arises from an annual reset in the
Southern Ocean’s upper water column processes when net heat losses, elevated wind stresses and sea
ice formation lead to an increase in the Mixed Layer Depth (MLD; Swart et al., 2015). This supply
mechanism is envisioned as winter deep mixing accessing a reserve micro — and macronutrient source
pool in more nutrient rich water masses below the summer stratified layer. Subsequent shoaling of the
mixed layer as the season progresses from winter, through spring, to summer may replenish surface
nutrient stocks through mixing. The quantity of trace metal entrainment will thus depend on the
maximum depth of the mixed layer (MLDmax) and the trace metal concentration within the stratum
(Tagliabue et al., 2014). Another important aspect to consider is the possibility that the nutricline, (the
depth at which the vertical nutrient concentration gradient, onutrient/dz, is maximum), of LdCu, dZn
and dNi (hereafter Zc,, Zzn and Zi respectively), may be deeper than that of the MLD and major
nutrients. A deeper ‘ferricline’ (Zge) for dissolved iron (dFe) in relation to nitrate has been previously
noted and is dependent on physical mixing, metal demand, organic complexation and scavenging in
surface waters (Croot et al., 2007). This can have important implications for the magnitude of vertical
trace metal supply with obvious implications for phytoplankton productivity. Additional major vertical

supply mechanisms include diapycnal diffusion and Ekman upwelling/downwelling (Law, 2003; Moore
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et al., 2002). Based on the vertical distribution of iron in the Southern Ocean it has been shown that
deep winter mixing supplies on average ten times more iron to the surface ocean each year compared

to diapycnal diffusion (Tagliabue et al., 2014).

1.2. Trace metal — major nutrient coupling in the Southern Ocean

Evidence for the involvement of Cu, Zn and Ni in the oceanic biological cycle stems from the coupled
cycling of trace metals and the major nutrients (NOs, PO4 and Si). This ‘nutrient type’ behaviour is
induced by biological removal in the surface euphotic zone and deeper remineralization (Croot et al.,
2011; Heller and Croot, 2015; Ldscher, 1999; Nolting and de Baar, 1994). There are, however,
deviations from the major nutrient/trace metal coupling. For example, the tight correlation between Zn
and Si, as compared to that of Zn and PO., has received much attention in recent times. Culture studies
(M J Ellwood and Hunter, 2000) and synchrotron data show that Zn is co-located with phosphate (PO,)
in the organic tissue of diatom cells (Twining et al., 2003; Twining and Baines, 2013) and only
contributes 1 - 3% of the total cellular inventory of diatom opaline frustules (M J Ellwood and Hunter,
2000). We would therefore expect that Zn is regenerated with PO, from the rapidly dissolvable organic
material in the upper ocean while the depth profile of Si is controlled by the less readily dissolvable
diatom frustules leading to deeper ocean maximums. Underlying reasons behind this paradox have
previously been attributed to an absolute biological control. Twining et al. (2014) proposed the
simultaneous release of Zn and Si from sinking diatom cells packaged with other detrital material.
Alternatively, scavenging of dissolved Zn onto marine organic matter and subsequent deeper
dissolution may generate depth profiles similar to Si (John and Conway, 2014). More recently, a hon-
mechanistic approach involving physical ocean circulation through the Southern Ocean hub and the
result of preferential biological uptake of Zn and Si has been put forward (Vance et al., 2017). It is

evident that the interplay between micro- and macronutrients requires further investigation.
1.3. Aim of this study

This study was undertaken as part of the International GEOTRACES program which aims at improving
our understanding of the large scale distribution of trace elements in the ocean. The data presented here
focuses on the summer and winter distributions of labile dissolved copper (LdCu) and dissolved zinc
(dzn) and nickel (dNi), three potentially important bio-active elements for primary production in the
Southern Ocean. The primary aim of this study was to investigate the biogeochemical cycling of these
metals over seasonal cycles by measuring their distributions in summer, when conditions are favourable
for phytoplankton growth (e.g. high light levels and a stable, shallow mixed layer), and in winter when
conditions limit their growth (e.g. low light levels and a deep mixed layer). Furthermore, an effort was

made to investigate variation in micro-to-macronutrient ratios in different water masses and with depth.
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2. Materials and methods
2.1. Sample collection

Seawater samples were collected on-board the R.V. SA Agulhas Il during the 54" South African
National Antarctic Expedition (SANAE 54) summer cruise (January 2015) and the third Southern
Ocean Seasonal Cycle Experiment (SOSCEX I11) winter expedition (July 2015). The transect followed
the GIPY05 GEOTRACES section, from Cape Town to Antarctica along the Zero Meridian (Figure 1).
Of the six locations sampled between 46°S and 68°S during summer, three overlapping locations at
46°S, 50°S and 54°S, were sampled in winter to allow direct seasonal comparisons in different water

masses.
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Figure 1. Location of stations sampled for copper, zinc and nickel during the 54" South African National Antarctic Expedition
(SANAES54) summer cruise along the GEOTRACES GIPYO05 transect. Stations outlined in red were re-occupied during winter.
The positions of the frontal systems encountered are shown as found during summer. APF: Antarctic Polar Front; SAF: Sub-
Antarctic Front; SBdy: Southern Boundary. Figure made using Ocean Data View (ODV) (Schlitzer, 2017).

A vertical profile sampling method was employed at all sampling stations. Seawater samples
were collected following a strict clean protocol, as per the GEOTRACES cookbook (Cutter and
Bruland, 2012), using a GEOTRACES compliant CTD and rosette. Directly upon recovery of the
rosette, the GO-FLO bottles were covered in a polyvinyl chloride (PVC) plastic wrap in addition to
their ends being covered in plastic (PVC) shower caps, and were transported into a class 100 clean lab
for sub-sampling. Samples for dissolved trace metal determination were collected in 125 ml acid-
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cleaned low density polyethylene (LDPE) bottles after online filtration through 0.2 um Sartobran filters
and under slight N2 (99.9999% N, BIP technology) overpressure. Samples were acidified (pH = 1.7)
on-board under a laminar flowhood using hydrochloric acid (Ultrapur HCL, Merck) and stored for later

analysis in Stellenbosch, South Africa.
2.2. Reagents and materials

All plasticware used for storage, and subsequent analysis, of samples was extensively acid cleaned
following the protocols outlined by GEOTRACES. Prior to analyses, samples were pre-concentrated
using a SeaFAST-pico SC-4 DX module (see section 2.4 for details) where the required buffer solution
(pH 6.0 £ 0.2) was prepared using ammonium hydroxide solution (NH4OH) (suprapur, Merck) and
glacial acetic acid (CH3sCOOH) (suprapur, Merck), the eluent was prepared using nitric acid (HNO3)
(ultrapure, Merck) and all reagents were diluted using 18MQ Milli-Q water (Millipore system)
dispensed through a Q-POD system for removal of trace metals and organics.

2.3. Intercalibration and reference standards

As required by GEOTRACES, a cross-over station was performed to ensure data produced in this study
is intercalibrated. The location and sample depths of the summer station, DTM1 (65°S), were chosen
to coincide with previous studies investigating copper and zinc (Croot et al., 2011; Heller and Croot,
2015). At present no data exists for nickel along this transect preventing any comparisons. The accuracy
of the analytical procedure was evaluated by measurement of the SAFe D2 (bottle number 98) reference
standard, the GEOTRACES reference standards, GSC (bottle number 1-19) and GSP (bottle number
62), and the certified seawater standard NASS-5 (National Research Council of Canada). To monitor
ICP-MS precision and instrumental drift, Stellenbosch University (SU) internal control standards were
placed in the run sequence and results compared to consensus. The SU internal control calibrated mean
was created by repeat analysis (n = 10) of a large volume seawater sample collected from surface water
(50 m) at 36°S; 13°E.

2.4. Dissolved trace metal determination

Prior to analysis, seawater samples were pre-concentrated by solid phase extraction. Pre-concentration
was carried out offline on a seaFAST-pico SC-4 DX module (elemental scientific Inc.) in a class 100
laboratory at Stellenbosch University. The module makes use of a metal chelating resin column
comprising ethylenediaminetriacetic acid (EDTriA) and iminodiacetic acid (IDA) functional groups
immobilized on a hydrophilic methacrylate polymer (60 um bead diameter). The method was set for 4
elution cycles resulting in a final pre-concentrated seawater volume of 250 pL and a pre-concentration
factor of 40. The pre-concentrated seawater samples were analysed in duplicate (n = 2) for a suite of

trace metals (Cu, Zn, Ni, Fe, Mn, Cd, Co, Pb) by Inductively Coupled Plasma Mass Spectrometry
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(Agilent 7900 quadrupole ICP-MS) using the standard configuration quartz spray chamber and torch.
The calibration curve was constructed using an Inorganic Ventures (IV) 0, 1, 10 and 20 ppb multi-
element standard (MES) and verified with a MES supplied by Merck Millipore. Samples were
introduced using a low self-aspirating perfluoroalkoxy (PFA) nebulizer with a flow rate of ~0.2 uL min
! Isotopes of ®3Cu, %Zn and *°Ni were measured using the Agilent Octopole Reaction System (ORS) in
helium (He) collision mode to eliminate plasma and matrix based interferences, extensively reduced by
the aforementioned seaFAST matrix removal module. The instrument was optimised for best sensitivity
and low oxide ratios (<0.3%). Continuous check standards, comprising “*Sc and #°Y, were continuously
analysed to monitor any instrumental drift as well as matrix differences between samples and standards.
To determine the blank contribution from the method, a solution of HNOs (ultrapur, Merck) diluted to
2% with ultra-pure deionized water, the same composition as the eluent used in sample pre-
concentration, was analysed. The blank was subjected to the same pre-concentration procedure as the
seawater samples. Detection limits were calculated as 3 times the standard deviation of the pre-
concentrated blank. Nickel plated sample and skimmer cones were used on the instrument however the
Ni blanks associated with the cone were determined not to be significant in relation to the Ni signal of
the samples. Estimates for resin recovery were carried out by comparing the results of replicate analysis
of pre-concentrated SU internal control standards with and without the addition of a 200ppt Cu (3.07
nmol kg?), Zn (2.98 nmol kg™) and Ni (3.32 nmol kg*) spike (Inorganic Ventures 1V-28).

2.5. Additional parameters

Major nutrients, NO3z and Si, were measured from filtered seawater collected from the same GO-FLO
bottles using a Lachat Flow Injection analyser following methods 31-107-04-1-E, 31-107-04-1-C and
31-144-27-2-A. PO, was measured using a Genesys 30 spectrophotometer (Thermo scientific)
following the method described by (Grasshoff, 1983). Salinity (conductivity), temperature and pressure
(depth) were measured using a Seabird 9+ CTD recorder attached to the rosette. Samples (400 - 600
mL) for chlorophyll-a analysis were collected and processed under dim light. The samples were filtered
through Whatman GF/F filters (0.7 um nominal pore size), extracted in 90% acetone for 24h at -25°C.
The extract was analysed using a Turner fluorometer calibrated with an Anacystis nidulans chl-a

standard (Sigma).

3. Results

3.1. Method validation
3.1.1. Cross over station

Copper ranged between 1.45 + 0.06 and 2.50 + 0.08 nmol kg in this study, well within the range of
1.56 and 2.90 nmol kg reported by Heller and Croot, (2015) (Figure 2a). Likewise for zinc, the range
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of 2.21 + 0.11 and 6.05 + 0.01 nmol kg* reported here agrees well with the values of 2.32 and 6.25
nmol kg™ measured by Croot et al. (2011) (Figure 2b).

nmol kg™ nmol kg™

0.0 0.5 1.0 1:5 2.0 2.5 30 © 1 2 3 4 5 6 7
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Figure 2. Results of a crossover station performed at 65°S; 0° for a) dissolved labile copper (LdCu) and b) dissolved
zinc (dZn). Cu data obtained from Heller and Croot, (2015) and Zn data obtained from Croot et al., (2011). There is
currently no data available for dissolved nickel (dNi) along the GEOTRACES GIPY05 transect.

3.1.2. Reference standards

Results from the analysis of GEOTRACES reference seawater was in good general agreement with
consensus values (Table 1). For SAFe D2, our Ni (8.10 £ 0.11 nmol kg™) and Cu (2.04 + 0.03 nmol kg
1) are slightly underestimated according to their respective consensus values however agree well with
the values of 8.10 + 0.50 nmol kg* and 2.20 + 0.2 nmol kg* published by Quéroué et al. (2014). The
omission of UV irradiation on the SAFe D2 samples, deemed necessary to liberate Cu from strong
organic complexes, resulted in the approximate 10% underestimation (relative to the consensus value)
reported here and previously (Milne et al., 2010). It is for this reason that copper is reported as the labile
dissolved fraction and not the dissolved fraction. Our GSP Zn value was higher than the current
consensus value. For the NASS 5 certified seawater standard (Table 1), values of 4.40 + 0.23 nmol kg
! (Cu), 1.63 £ 0.04 nmol kg* (Zn) and 4.02 + 0.37 nmol kg® (Ni) were in agreement with the
corresponding consensus values. The results of the SU internal standard compared favourably with their

respective consensus values and confirmed the precision of the analysis over time.
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Table 1. Results of the ICP-MS analysis of four sets of seawater reference standards namely SAFe (SAFe D2), GEOTRACES
(GSP 62 and GSC 1-19), NASS-5 and our Stellenbosch University (SU) internal control are displayed alongside their
respective consensus values. Consensus values for the GEOTRACES standards (www.geotraces.org) as of 2013 (SAFe) and
2019 (GSC and GSP). Consensus values for the NASS-5 standard as of 1998 (www.gbcpolska.pl/me/crm/pdf/
certyf_woda_morska_nass_5.pdf). Calibrated mean values for the SU internal control calculated by repeat analysis (n=10)

of a large volume surface seawater sample.

Ni Cu Zn
SAFe D2 nmol kg nmol kg nmol kg
Consensus 8.63+0.25 2.28+0.15 7.43+0.25
Average (n = 5) 8.10+£0.11 2.04 £0.03 7.23+£0.25
GSC
Consensus 4.39 £0.21 1.10 £0.15 1.43+£0.10
Average (n = 5) 3.91+£0.16 1.14 +0.04 1.41+0.10
GSP
Consensus 2.60+£0.10 0.57 £ 0.05 0.03£0.05
Average (n =5) 2.37+0.11 0.56 + 0.02 0.10£0.05
NASS-5
Certified 4.21 £ 0.47 456 +£0.71 1.52 +0.58
Average (n = 3) 4.02 £0.37 4.40 £0.23 1.63+£0.04
SU internal control
Cal. mean (n = 10) 5.80+0.11 1.57 £0.03 5.83+0.07
Average (n = 8) 5.96 +0.16 1.65+0.02 5.72+0.10

3.1.3. Blanks and detection limits

The precision for replicate analysis was between 1.18 and 3.00% for Ni, 1.74 and 3.77% for Cu and
2.15 and 4.69% for Zn at the concentrations observed in this study (Table 2). Detection limits ranged
between 0.003, 0.228 and 0.024 nmol kg* for Cu, Zn and Ni respectively while the analytical blank
values ranged between 0.049, 0.070 and 0.041 nmol kg™ for the three metals. Blank values fell well
within previously published ranges (Minami et al., 2015; Quéroué et al., 2014; Sohrin et al., 2008; Wang
et al., 2014) for Ni, Cu and Zn (Table 2). All metals demonstrated >97% recovery through the pre-

concentration procedure ensuring the resin column was performing optimally.
3.2. Hydrographic setting

The summer cruise track crossed the Antarctic Circumpolar Current (ACC) and entered the Weddell
Gyre (WG) at ~55.5°S. The three overlapping sampling locations (DTM2, TM1 and DTM3) coincided
broadly with three frontal regions, as described by Orsi et al., 1995, namely the Subantarctic Front
(SAF), the Antarctic Polar Front (APF) and the Southern Boundary (SBdy) respectively, within the
eastward flowing ACC (Figure 1). The position of these fronts fluctuates seasonally due to large
variations in wind stress fields. The SAF was located at 46°38°S for summer compared to 43°49°S for

winter indicating a large (~330 km) northward migration. A mean position of 46°23’S has been
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Table 2.

Detection limits and procedural blanks for the intercalibration station. « 3SD of blank. ¢ Data sourced from Sohrin et al., (2008). < 40 times pre-concentration. ¢ not analysed.

detection mean mean
P conc. in

element ~ measured limit without theopen  oN%: after detection limit comparisons blank comparisons

isotope preconc.? ocean preconc. . _ o T _ T
(nmol kg—l) (nmol kg (nmol kgt)  Minami Sohrin  Quéroué Wang blank Minami Sohrin Quéroué Wang
et al. et al. et al. et al. n ean et al. et al. et al. et al.
Ni 60 0.024 8.519 340.76 0.070 0.010 0.003 0.030 ©6 0.041 0.017 <0.01 0.013 0.040
Cu 63 0.003 3.147 125.89 0.020 0.005 0.030 0190 6 0.049 0.017 <0.005 0.053 0.020
Zn 66 0.228 4.589 183.54 0.100 0.060 n.a.’ 0210 6 0.070 0.120 0.071 n.a.d 0.090

25



Stellenbosch University https://scholar.sun.ac.za

Chapter 2

previously identified for the SAF (Lutjeharms, 1985) while a more recent study suggested the SAF is
often found as a broad frontal feature present between 43°38’S - 47°17°S with a number of narrow
reversals (S. Swart et al., 2008). The locations of the APF (~50°36°S) and SBdy (~55°49°S) showed
negligible variation between summer and winter. The three additional summer stations (TM2, DTM1
and TM3) were all located in the WG.

Seawater surface temperatures (SST) decreased poleward from 6.4°C to -1.8°C during summer
indicating the transition from Sub Antarctic Surface Water (SASW) to Antarctic Surface Water
(AASW) (Figure 3a). This observation persisted during winter with SST decreasing from 5.5°C to -
0.6°C across the ACC, equating roughly to a 1 — 1.5 °C decrease from the comparative summer stations.
Below the surface, seasonal differences in potential temperature and salinity were minor. A colder
(0.5°C < ©<2.9°C), more saline (34.2 PSU) water mass, termed Antarctic Intermediate Water (AAIW),
was found subducting northwards below SASW (Le Moigne et al., 2013). Intermediate and deepwaters
throughout the transect were characterised by a relatively homogenous salinity (34.7 PSU) and potential
temperature (0°C < © < 1°C) signature indicating the presence of nutrient rich Upper Circumpolar Deep
Water (UCDW) and Lower Circumpolar Deepwater (LCDW) which was seen upwelling in the WG (Le
Moigne et al., 2013). Beneath LCDW, between 2500 and 3500 m depth, Weddell Sea Deep Water (©
< 0.7°C) was found (Baars et al., 2014). North Atlantic Deepwater (NADW) was observed as a tongue
of slightly saltier (PSU > 34.7) water at intermediate depths in the ACC (Figure 3b). Bottom waters
across the transect were identified as Antarctic Bottom Waters (AABW) and had characteristic

temperature minimums (Boye et al., 2012).

The formation of Sub Antarctic Mode Water (SAMW) in winter was traced using the Si* tracer (Si* =
[Si] — [NOs]; Sarmiento et al., 2004). SAMW is thought to be the main conduit of nutrients from the
Southern Ocean to most of the global upper ocean (Vance et al., 2017). The Si* signature of SAMW
was observed in the northern ACC between depths of 300 and 450 m (Figure 3c) consistent with the
location of previously observed SAMW (Sarmiento et al., 2004).

3.3. Biogeochemical features along the transect

In summer, low surface silica (Si) concentrations (<10 ptM) in the northern ACC were maintained until
the APF whereafter concentrations increased to ~90 pM in the southern WG. Phosphate (PO4) behaved
similarly with concentration increasing southwards from ~1.2 to ~2.0 puM. Seasonal differences
between major nutrients were most notable in the surface mixed layer where winter concentrations
exceeded those of summer by an order of ~5 uM for Si and ~0.2 uM for PO4. The summer and winter
Mixed Layer Depth (MLD), calculated using a fixed density criterion of 0.03 kg m™ (de Boyer Montégut
et al., 2004), reached a maximum of 102 and 193 m respectively at 50°S. At 46°S (SAF) and 54°S
(SBdy), the winter MLD was 41 and 27 m deeper compared to summer. In summer, the lowest MLD

of 58 m at 65°S coincided with a subsurface chl-a maximum of 3.8 pg L. Here, maximum
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Figure 3. Distribution of a) summer potential temperature and b) summer salinity defining the water mass regime. AABW:
Antarctic Bottom Water; AAIW: Antarctic Intermediate Water; AASW: Antarctic Surface Water; LCDW: Lower Circumpolar
Deepwater; NADW: North Atlantic Deepwater; SASW: Sub Antarctic Surface Water; UCDW: Upper Circumpolar Deepwater.
Figure 3c) Si*values [Si* = [Si] — [NOs]] calculated for winter defining SAMW (Sub Antarctic Mode Water). Figure made
using Ocean Data View (ODV) (Schlitzer, 2017). Dots represent depths sampled. Data displayed using weighted average

gridding.
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observed major nutrient gradients for PO, and for Si coincided with the transition to nutrient rich
UCDW. Phosphate displayed intermediate depth peaks of approximately 2.5 uM which shallowed
southwards from 1000 m in the northern ACC to 250 m in the southern WG. Deepwater (>1000 m)
phosphate distributions throughout the study ranged between 2 and 2.25 uM. In contrast to POy, Si
increased steadily through the water column obtaining maximum concentrations approaching ~130uM
in AABW. Estimates of seasonal variability in phytoplankton biomass, calculated by depth integrating
chl-a concentrations between surface and 100 metres, were most pronounced at the APF where total
summer chl-a (~1.00 ug cm) was fivefold that of winter. Chl-a concentrations never exceeded 0.45 g
L at the SAF with phytoplankton biomass in summer (0.41 pug cm2) higher compared to winter (0.39
ug cm?). Chl-a profiles in the southern ACC showed little seasonal difference in phytoplankton biomass
(~0.40 pg cm?).

Note: As a result of issues pertaining to sample loss through freezing (tubes were overfilled such that
when frozen, their caps popped off) in our macronutrient analysis during the summer expedition, Si,
NO; and PO, data at 50°S has been used from previously published work (Klunder et al., 2011).
Additionally, PO, data from 46°S has also been taken from this work due to inconsistencies in sample

labelling.

3.4. Distributions of labile dissolved copper and dissolved zinc and nickel
3.4.1. Summer

At all stations, vertical profiles of LdCu, dZn and dNi displayed a nutrient type behaviour consistent
with low surface concentrations and higher deepwater values. Vertically, LdCu ranged between 0.91
nmol kgt at the surface and 3.15 nmol kg™ in bottom waters of the ACC (Figure 4a). dZn displayed sub
nanomolar surface concentrations throughout the northern ACC and increased to deepwater maximums
(Figure 4b). dNi had comparatively high surface concentrations of >4.65 nmol kg throughout the study
and a dNi maximum of ~7 nmol kg in the bottom waters of the ACC (Figure 4c). In surface waters
(<35 m), metal concentrations showed little variation in SASW whereafter concentrations increased
southward through AASW and obtained maximum surface concentrations of 2.79 (LdCu), 4.56 (dZn)
and 6.02 (dNi) nmol kg™ near the Antarctic continental shelf. The north-south gradient coincided with
the frontal systems with the APF acting as a physical divide between lower metal concentrations to the
north and higher concentrations to the south. Highest removal ratios, defined as the slope of the
correlation between metal and phosphate (metal/PQ.,), for all three metals were calculated in the mixed
layer at 65°S. Removal ratios indicated that Zn was most strongly removed, with a maximum Zn/PO,
ratio of 8.6 nmol pmol™, followed by Ni (Ni/PO4— 2.5 nmol pmol™) and Cu (Cu/PO4— 1.3 nmol pmol
1. In general, the order i.e. Zn > Ni > Cu, of trace metal removal in the mixed layer was consistent
throughout the summer season. In the intermediate and deepwaters (>500 m), vertical concentration
gradients for all three metals were less steep compared to the mixed layer. Localised enrichments in

excess of 2.5 nmol kg for LdCu and 7.0 nmol kg* for dZn and dNi were observed in UCDW down-
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current of the mid-Atlantic ridge. dNi displayed intermediate depth peaks, similar to that of phosphate,
between 6 and 7 nmol kg™.
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Figure 4. Summer distributions of a) dissolved labile copper (LdCu), b) dissolved zinc (dZn) and c) dissolved nickel (dNi).
Figures generated in Ocean Data View (ODV) (Schlitzer, 2017) using weighted average gridding method based on 6 sampling
stations between 46°S and 68°S. Dots represent depths sampled. Data displayed using weighted average gridding.
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Figure 5. Winter distributions of a) dissolved labile copper (LdCu), b) dissolved zinc (dZn) and c) dissolved nickel (dNi).
Figures generated in Ocean Data View (ODV) (Schlitzer, 2017) using weighted average gridding method based on 3 sampling
stations between 46°S and 54°S. Dots represent depths sampled. Data displayed using weighted average gridding.

3.4.2. Winter
Throughout the winter transect (46°S — 54°S), nutrient type behaviour persisted for LdCu, dZn and dNi.

Surface (<35 m) concentrations showed distinct southward increases across the transect. dZn showed
the greatest north - south surface gradient of 0.47 to 3.38 nmol kg, while LdCu and dNi increased from
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1.06 to 1.48 nmol kg and 5.05 to 5.99 nmol kg respectively. LdCu increased steadily down the water
column and reached maximum observed concentrations approaching 3 nmol kg in bottom waters at
all stations (Figure 5a). dZn behaved similarly reaching deep ocean maximums at each station and a
maximum observed concentration of 7.78 nmol kgin close proximity to the ocean floor at 54°S (Figure
5b). dNi concentrations fell between 5 nmol kg™ near the surface and 7 nmol kg? at intermediate (500
- 1500 m) depths (Figure 5¢). Removal ratios (metal/POs) reveal that, like summer, zinc was most
strongly removed from the winter mixed layer followed by nickel and copper. Within the ACC, winter
removal ratios were lower compared to those in summer with maximum observed ratios of 3.4, 1.2 and

0.2 nmol pmol*for Zn, Ni and Cu respectively.

4. Discussion

There is a general paucity of trace metal data in the Southern Ocean. To our knowledge, no prior Ni
data exists along the Zero Meridian in summer and certainly these are the first profiles of dissolved
labile Cu and dissolved Zn and Ni produced for winter. The only other sub-Antarctic winter profiles
were produced in the Tasman Sea therefore data is not directly comparable. High resolution Cu (Boye
et al., 2012; Heller and Croot, 2015) and Zn (Croot et al., 2011) profiles are directly comparable with
our summer dataset and show a good general agreement in both Cu and Zn distributions. Nickel
distributions have been investigated along the 6°W meridian in summer with reported concentrations
generally ranging between 4 nmol kg™ at the surface and 7 nmol kg* at depth (Ldscher, 1999), similar

to the dNi range of between 5 and 7 nmol kg* reported here.
4.1. Summer trace metal distributions

It is well established that the observed nutrient type behaviour of Cu, Zn and Ni is induced
predominantly by biological (phytoplankton) utilization in the surface euphotic zone and
remineralization of sinking organic matter at depth , consider the early work of Bruland and co-workers
(Bruland, 1980; Bruland and Franks, 1983). Highest metal/PO4removal ratios were calculated at 65°S
coinciding with the chl-a maximum of >3.5 pg L™ (50 m) indicating increased biological uptake. These
nutrient signatures indicate higher productivity, perhaps initiated by the retreating ice edge and the
release of trace metals and major nutrients from remineralised diatoms entrained in melting sea ice
(Croot et al., 2011, 2004). In addition, trace metal gradients throughout the transect appeared to follow
those of the macronutrients. This coupling further suggests that common biological processes control
their distributions (Sunda, 2012, 1989). As such the downward flux of phytoplankton, in particularly
diatoms, appears to be the main transfer mechanism of Cu, Zn and Ni from AASW (Heller and Croot,
2015; Loscher, 1999). Local maxima in all three metal profiles, between 100 and 150 m depth, from

the central WG (65°S) suggests a zone of shallow remineralization as has been previously noted for Zn
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(Croot et al., 2011), Cu (Heller and Croot, 2015) and a number of other elements including cadmium
(Baars et al., 2014), iron (Klunder et al., 2014, 2011) and barium (Hoppema et al., 2010a).

The southward increase in trace metal and major nutrient concentrations in AASW is a reflection of the
underlying water mass regime where lateral advection of waters from the Drake Passage via the
eastwards flowing ACC combined with upwelling of nutrient enriched UCDW south of the APF is a
likely cause of these elevated concentrations (Coale et al., 2005). The downward trace metal flux,
mediated by sinking biogenic detritus from AASW, contributed toward the maintenance of high LdCu
(~2.5 nmol kg?) as well as dZn and dNi (>6.0 nmol kg™) below the euphotic zone (L6scher, 1999)
although this term is less significant, in terms of magnitude, compared to the opposing upwelling flux.
Additionally, surface metal concentrations may be augmented in the southern WG due to seasonal
melting of the dust laden Antarctic ice sheet and drifting icebergs, as has been shown for Fe (Croot et
al., 2004; Klunder et al., 2011). Associated with ice melt is a lower surface salinity signature which was
evident at 68°S (Figure 3b), suggesting meltwater was present, however the magnitude of this highly
variable surface supply mechanism is poorly constrained. Enrichments of all three metals at ~1000 m
depth near to the Antarctic shelf make it convenient to suggest a continental margin source as has been
observed near other continental margins for multiple elements including Cu e.g southwest African
continental margin (Boye et al., 2012). Interestingly the absence of a continental margin source for
typical proxy elements such as Mn, Fe and Al (Klunder et al., 2011; Middag et al., 2011) in this region
has been noted and attributed to the protruding continental ice-sheet preventing nutrient supply (from
shelf sediments) to surface waters. It therefore seems unlikely that preferential resupply of Cu, Zn and
Ni would occur here. As samples to a maximum depth of 2000 m were collected it is difficult to assess
whether this is a localised enrichment or whether these seemingly elevated concentrations persist with
depth. Enrichments, most notably in Zn, above the mid-Atlantic ridge and at shallowing depths to the
south are possibly the result of episodic hydrothermal activity, the signatures of which are transported
southwards by upwelling circumpolar deepwaters. Iron (Fe) and manganese (Mn), two hydrothermal
proxy elements, have shown enrichments over the mid-Atlantic ridge during previous occupations of
this transect, e.g. Klunder et al., (2011) and Middag et al., (2011).

4.2. Winter trace metal distributions

With respect to the deepwaters, comparatively low surface concentrations persisted for Cu, Zn and Ni
in winter indicating that biological utilisation remains a major control on surface trace metal
distributions despite seemingly unfavourable conditions for phytoplankton growth (Ellwood, 2008b).
Distinct north-south increases in surface LdCu, dZn and dNi concentrations across the ACC, similar to
that of silica and phosphate, suggests that the major source of trace metals to surface waters is upwelling
and vertical mixing of nutrient enriched UCDW. In addition to these bottom-up supply mechanisms,

vertical trace metal gradients below the MLD were supplemented by remineralization of sinking
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biogenic particles from surface waters. Compared to Cu and Zn, Ni appeared to have a shallower
recycling mechanism, like that of PO., consistent with a portion of dNi being incorporated into the soft
tissue of diatoms (Twining et al., 2012) and flagellated cells from the Southern Ocean (Twining et al.,
2004). Copper and zinc increased to bottom water maximums at all stations with highest concentrations
of >2.5 and >7.0 nmol kg respectively measured above the mid-Atlantic ridge at 54°S. Although Ni
did not display a bottom water maximum here, there was an enrichment of >6.5 nmol kg™. Given the
proximity of the ocean floor to the deepest depth sampled at this station, these high concentrations may

be attributed to resuspension of sea floor sediment or flux from metal rich porewaters.

4.3. Seasonal variation in the upper water column (<500 m)

In general, average winter mixed layer concentrations were between 0.20 - 0.22 nmol kg for LdCu,
1.15 — 1.24 nmol kg for dZn and 0.25 — 0.30 nmol kg* for dNi higher compared to summer in the
central and southern ACC (Figure 6). Interestingly, the seasonal signal at the SAF was virtually
negligible. Previously, in the subantarctic waters east of New Zealand, seasonal variations showed a 0.1
— 0.2 nmol kg* increase in copper from winter to summer, 0.2 - 0.3 nmol kg for zinc and no seasonal
variation for nickel (Ellwood, 2008b). The winter deepening of the mixed layer, to between depths of
120 and 193 m (Figure 6), resulted from an approximate cooling of surface waters by between 1.2 and
1.6°C and the formation of a more dense (co > 26.7) water mass, termed Sub-Antarctic Mode Water
(SAMW) (Figure 3C), in the vicinity of the SAF (Sarmiento et al., 2004). During the onset of summer
the production of SAMW ceased as surface waters warmed and stratified leading to a 40 — 100 m

shoaling of the mixed layer.

In winter, deeper mixed layers combined with lower light levels provide unfavourable growth
conditions for phytoplankton when compared to summer. Considering biological uptake as the primary
sink for surface metal concentrations, the results here indicate decreased biological consumption during
winter months. Using Chl-a concentrations as an indicator of phytoplankton biomass confirms a higher
abundance of phytoplankton present during summer (and hence a greater drawdown of Cu, Zn and Ni),
particularly at the APF where estimated summer biomass was 1.0 pug cm?compared to 0.2 ug cm2 in
winter. Interestingly, seasonal variation in phytoplankton biomass was not as readily apparent at the
other two re-occupied stations where Chl-a was approximately 0.4 pg cm for both seasons. This
outcome is however complicated by numerous adaptation strategies adopted by phytoplankton when
exposed to a dynamic irradiance regime coupled with nutrient (particularly Fe) stresses, as is the case
in the Southern Ocean (Alderkamp et al., 2010). Additional complications arise when accounting for
phytoplankton mortality due to grazing via zooplankton and viral lysis (Evans and Brussaard, 2012).

The following serves to discuss these factors.

Under low light/high Fe conditions (i.e. winter), phytoplankton are known to produce more Chl-a per

cell compared to high light/low Fe (i.e. summer) conditions (Van De Poll et al., 2005; Van Leeuwe and
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Figure 6. Seasonal comparisons of dissolved labile copper (LdCu) (left column), dissolved zinc (dZn) (middle column) and
dissolved nickel (dNi) (right column) in the upper 500 metres of the water column at each overlapping station. The solid line

(MLDs) represents the calculated summer MLD. The dotted line (MLDw) represents the calculated winter MLD.
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Stefels, 2007). Consequently, winter phytoplankton biomass may be overestimated. This is particularly
important for stations at the SAF and SBdy in the summer. Considering the approximately equal depth
integrated Chl-a values at the SAF and SBdy for both seasons, the greater drawdown of trace metals in
summer vs winter at the SBdy suggest that this apparent overestimation might be greater in the south,
perhaps a consequence of larger diurnal and seasonal light cycles at higher latitudes. At the APF, where
there was a large difference in phytoplankton biomass and mixed layer depth (100 m in summer vs 193
m in winter), variability in seasonal irradiance regimes i.e. more stable, higher irradiance in summer vs
more unstable, dynamic irradiance in winter, will favour certain species of phytoplankton due to their
photoacclimaition strategies. For example, bloom forming Antarctic diatoms (Cailliau et al., 1997) and
haptophytes (Phaeocystis Antarctica; Van Leeuwe and Stefels, 2007). In addition, low summer grazing
pressures exerted by copepods at the APF (Dubischar and Bathmann, 1997) agree with high summer
phytoplankton biomass. During the same study, increased grazing pressures by salps at the SBdy were
shown to constrain phytoplankton biomass providing additional reasoning behind the seemingly
paradoxical results presented at the SBdy during this study i.e. increased summer trace metal uptake yet
lack of observed seasonal difference in phytoplankton abundances. The effects of viral lysis on
phytoplankton biomass has been deemed as comparatively minor in the Southern ocean (Evans and
Brussaard, 2012). Ultimately, increased biological uptake in the summer is the underlying driver
between the observed seasonal trace metal profiles, particularly at the APF. Winter trace metal
depletion, although comparatively smaller, is driven by a smaller phytoplankton standing stock which
are well acclimatized to dynamic irradiance regimes due to increased mixing e.g. flagellates (Van
Leeuwe et al., 2005).

4.4. Seasonal variation in intermediate and deepwaters

In waters below 500 m, there existed a complete lack of seasonal signal for Cu, Zn and Ni throughout
the study region. Several studies have commented on the intense turbulent mixing in the abyssal
Southern Ocean where diapycnal diffusivity constants exceed the global average by factors of 10 to
1000 (Garabato et al., 2010). The mixing of the intermediate and deepwaters acts to homogenize the
distributions of trace metals and major nutrients alike, irrespective of season. In the Atlantic sector of
the Southern Ocean, the high basin-wide mixing rates are the result of a complex bathymetry and
contributes significantly to the upward transport of water thus closing the oceans meridional circulation
(Heywood et al., 2002).

4.5. Quantifying the winter reserve reservoir

In an effort to assess the quantity and importance of deep winter mixing, we propose two different
scenarios with respect to the relationship between summer and winter mixed layers. Scenario 1 takes
into account ocean dynamics, specifically mixed layer depth variability, the drivers of which as well as

the subsequent effects on phytoplankton biomass are highly variable, both spatially and temporally
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(Fauchereau et al., 2011; Swart et al., 2015). Here, the subsurface inventory was calculated by
subtracting the summer mixed layer depth integrated inventory from the winter mixed layer depth
integrated inventory for each re-occupied station. Scenario 2 adopts a more static approach where both
summer and winter trace metal profiles were integrated over a fixed mixed layer, chosen as the depth
of maximum winter mixing i.e. 193 m, at all re-occupied stations. Given the temporal sampling
resolution, scenario 1 cannot be deemed representative of a full seasonal cycle however it does provide
insight into the interplay between ocean dynamics and nutrient stocks. The purpose of scenario 2 is to
negate the effect which integrating over different summer and winter mixed layers has on the trace
metal inventories. From this, a more accurate estimation of trace metal stock available for potential
entrainment can be quantified. It must be noted here that the mixed layer by no means acts as a solid
physical boundary whereby all nutrients above the mixed layer depth are entrained and concentrated
into a shallower layer with the onset of summer shoaling. Additional supply terms, chiefly vertical
diapycnal diffusion and Ekman upwelling, and loss terms, e.g. biological metal uptake and particulate
export (Bown et al., 2011; Tagliabue et al., 2014), act across the mixed layer density gradient. The
purpose of the following discussion is to provide estimates for what is potentially available for

entrainment taking into account these fluxes.

For scenario 1, results of the depth integrations are shown in Figure 7 (a - c). Relative to their respective
summer inventories, smallest sub-surface reservoirs for all 3 metals were calculated at 54°S (Figure 7¢)
coinciding with the smallest difference between winter and summer mixed layer depths (Figure 6). At
50°S, the station with the largest difference between summer and winter mixed layers, subsurface
inventories of 143 pmol m? Cu, 353 pmol m? Zn and 693 umol m2 Ni were calculated (Figure 7b).
The outcome of scenario 2 (Figure 7d - f) showed smaller differences between winter and summer trace
metal inventories, between 31 — 38 umol m? for Cu, 129 — 174 umol m for Zn and 42 — 95 pmol m
for Ni at stations 50°S and 54°S. Interestingly, at 46°S, summer inventories for all 3 metals were slightly
greater than winter inventories (Figure 7d). Here, the summer nutriclines of copper, zinc and nickel
(Zcu, Zzn and Zy;) were located below the summer mixed layer depth yet within the depth of maximum
winter mixing and largely accounts for the observed difference between scenario 1 and 2 at 46°S. Had
scenario 2 represented in situ mixed layers, it would suggest slow physical mixing of trace metals with
remineralization length scales slow enough to maintain these gradients as has been shown for Fe (Croot
et al., 2007). It must be noted that Fe is highly particle reactive resulting in a deep remineralization
cycle such that Zr. may be deeper than that of other nutrients and the mixed layer (Frew et al., 2006). In
contrast to Fe, very low amounts of Cu, Zn and Ni are associated with particles, (Frew et al., 2001) such
that they may be remineralised more rapidly to dissolved form within the mixed layer. The
remineralization length scales of these metals therefore means it is unlikely they would show strong
gradients below the depth of maximum winter mixing. At 50°S (APF) and 54°S (SBdy), Zcu, Zz» and

Zni were shallower than the summer mixed layer and may be related to increases in Ekman flux and

36



Stellenbosch University https://scholar.sun.ac.za

Chapter 2

upwelling velocities, and hence vertical diapycnal diffusion, with latitude (Sokolov and Rintoul, 2007).
Implications for this suggest the role of entrainment may increase southwards although it is recognised

that there is a degree of overlap with the other bottom-up nutrients sources.
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Figure 7. Estimates of winter reserve inventories for scenario 1 at a) 46°S, b) 50°S, c) 54°S and for scenario 2 at d) 46°S, e)
50°S, f) 54°S. Depth integration calculations were carried out as follows: for scenario 1 the winter reserve inventory was
calculated by subtracting the summer depth integrated metal inventory (surface to summer MLD) from the winter depth
integrated metal inventory (surface to winter MLD). For scenario 2 the winter reserve inventory was calculated by subtracting
the summer depth integrated metal inventory (surface to maximum winter MLD) from the winter depth integrated metal
inventory (surface to maximum winter MLD).

4.6. Micro- to macronutrient relationships

Our understanding of the relationship between trace elements and major nutrients in the Southern ocean
has been hindered by a distinct scarcity of reliable trace metal data yet these interplays yield important
information regarding the biogeochemical cycling of both parameters. Note that metal/macronutrient

refers to the uptake ratio where metal:macronutrient refers to the dissolved ratio.
4.6.1. Trace metal — silicate relationships

Relationships between silicate and Cu (Figure 8a), Zn (Figure 8b) and Ni (Figure 8c) for summer and
winter are shown. Strong linear correlations for Cu/Si have been previously found in the Atlantic sector
of the Southern Ocean (Boye et al., 2012; Heller and Croot, 2015; Léscher, 1999). The close Zn and Si
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coupling is comparable to previous work in the region in summer (Croot et al., 2011; Wyatt et al., 2014)
and winter (Ellwood, 2008b). For Ni/Si, the only comparable data was from a single station at the APF
where Ni (nmol kg?) = 0.026 [Si(umol kg?)] + 5.386 (r?=0.95, n = 6; Loscher, 1999). That these trace
metals show similarities to profiles of Si is evidence of the important role diatoms exert, through their

biological uptake and subsequent remineralization, on the vertical distributions of Cu, Zn and Ni.
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Figure 8. Plots of a) copper versus silicate, b) zinc versus silicate, c) nickel versus silicate, d) copper versus phosphate, €)
zinc versus phosphate and f) nickel versus phosphate for the whole water column for summer and winter.

For both seasons, Cu:Si and Ni:Si dissolved ratios decreased southward across the transect and with
depth through the water column (Table 3). A distinct drop in dissolved Cu:Si and Ni:Si ratios was seen
below the mixed layer at ~200 m, coinciding with the transition between surface waters (SASW and

AASW) and deeper water masses (AAIW and UCDW) which have higher Si gradients in comparison

38



Stellenbosch University https://scholar.sun.ac.za

Chapter 2

to Cu and Ni. Dissolved Zn:Si ratios did not show any clear southward decreasing trend. Furthermore,
dissolved Zn:Si ratios generally increased until 100 — 150 m depth before decreasing below the mixed
layer (Table 3). This may suggest rapid, shallow recycling of diatoms with high Zn/Si uptake
stoichiometries. In the WG, this notion is consistent with TCO, enrichments and reduced O, found in
surface waters (< 200 m) (Usbeck et al., 2002), as well as the shallow remineralization cycle of Barium,
which is highly correlated with silicate in this region (Hoppema et al., 2010b). Further north, in the
ACC, a greater proportion of picoplankton (0.2 — 2 um) groups compared to larger size classes e.g.
nanoplankton (2 — 20 um) in the WG (Doolittle et al., 2008), may be controlling dissolved Zn:Si ratios

via their slower sinking rates and hence shallower regeneration cycle.

Table 3. Summer (left column) and winter (right column) dissolved ratios for copper to silica (top row), zinc to silica (middle
row) and nickel to silica (bottom row).

Summer Cu:Si (nmol pmol™) Winter Cu:Si (nmol pumol™)

Depth (m) 46°S 50°S 54°S 60°S 65°S 68'S 46°S 50°S 54°S
15 0.194 0.169 0.050 0.025 0.020 0.020 0.222 0.067 0.031
40 0.189 0.173 0.043 0.023 0.020 0.020 0.237 0.067 0.030
100 0.148 0.186 0.028 0.020 0.017 0.021 0.211 0.066 0.030
150 0.101 0.029 0.020 0.018 0.017 0.019 0.099 0.050 0.027
200 0.062 0.025 0.017 0.018 0.016 0.019 0.075 0.034 0.022
>300 0.019 0.011 0.015 0.008 0.035 0.004 0.035 0.024 0.022
Summer Zn:Si (nmol pmol™?) Winter Zn:Si (nmol pmol™?)

15 0.159 0.173 0.054 0.022 0.016 0.051 0.098 0.095 0.065
40 0.175 0.113 0.068 0.046 0.030 0.056 0.114 0.088 0.072
100 0.317 0.204 0.055 0.052 0.051 0.055 0.134 0.104 0.069
150 0.131 0.066 0.064 0.059 0.043 0.058 0.152 0.099 0.076
200 0.159 0.070 0.064 0.055 0.042 0.059 0.126 0.094 0.076
>300 0.073 0.057 0.066 0.054 0.042 0.052 0.088 0.074 0.067
Summer Ni:Si (nmol umol™?) Winter Ni:Si (nmol pmol™?)

15 0951 0.896 0.189 0.100 0.072 0.067 1.056 0.324 0.121

40 1.031 0.929 0.175 0.087 0.064 0.068 1.167 0.331 0.115
100 0.828 0.964 0.115 0.064 0.051 0.070 1.206 0.324 0.118
150 0.546 0.148 0.082 0.053 0.048 0.060 0.551 0.248 0.103
200 0.345 0.124 0.065 0.051 0.046 0.058 0.448 0.166 0.078
>300 0.127 0.067 0.068 0.047 0.044 0.049 0.162 0.091 0.069

4.6.2. Trace metal - phosphate relationships

Relationships between phosphate and Cu (Figure 8d), Zn (Figure 8e) and Ni (Figure 8f) for summer
and winter are shown. Cu/PO4removal ratios are comparable with results from summer (Ldscher, 1999)
and winter (Ellwood, 2008b). Zn/PO. show good agreement with previous work along this transect

(Croot et al., 2011). Considering the metal/PO4 slope values for each metal, a 0.2 umol kg™ drawdown
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of phosphate from winter to summer would result in a 0.21 nmol kg (Cu), 1.10 nmol kg* (Zn) and

0.22 nmol kg (Ni) drawdown of micronutrients, consistent with observed seasonal differences.

As a comparative exercise, metal/PO4 removal ratios were calculated for the upper 500 m along the
transect (Figure 9). Cu/PO4 and Zn/POy ratios generally increased southwards and is suggested to be a
result of iron or iron/light limitation (Croot et al., 2011). Contrastingly, Ni/POy ratios generally
decreased southwards likely the reflection of a weaker surface Ni gradient compared to PO4. The sharp
increase of all metal/PO, ratios at 65°S is consistent with increased uptake by diatoms with high

metal/PO, stoichiometries (Twining and Baines, 2013).

While there is little comparative data for Ni/POs, early investigations found that Ni is remineralised at
shallow depths, like PO, and in deep water, like Si (Sclater et al., 1976). Our results indeed indicate a
closer Ni/POgcorrelation in the upper 500 m [summer: Ni(nmol kg?) = 1.030[PO4(umol kg?)] + 3.836
(r?=0.49) winter: Ni(nmol kg?) = 1.406[PO.(umol kg )] + 3.086 (r>= 0.79)] compared to the whole
water column (Figure 8f). Correlations between Ni/Si were investigated below 1000 metres however,
owing to few deepwater data points, comparisons are limited. Assuming Ni/Si were correlated in
deepwaters, it would suggest an important role for diatoms in Ni biogeochemical cycling whereby the
association of Ni and PO, within the diatom, and co-localization of Ni and Si in the outer frustule of the

diatom (Twining et al., 2012) would result in nickel resembling a combination of PO4and Si profiles.
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Figure 9. Metal/PO4 removal ratios calculated for the upper 500m of the water column at all stations during summer (solid
markers) and winter (open markers) transects.

4.6.3. The zinc-silicate/zinc-phosphate paradox
Of particular interest in recent times is the seemingly paradoxical coupling between Zn and Si and

decoupling between Zn and PO., as observed in this study (Figure 10). This paradox stems from the

association of Si and PO, in the internal organic parts of diatom cells while the Zn content in the Si
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based diatom frustule is negligible (Michael J Ellwood and Hunter, 2000; Twining et al., 2003; Twining
and Baines, 2013). Here the reader is referred to recent investigations (de Souza et al., 2018; Vance et
al., 2017) where the Zn-Si-PO4 relationship was shown to be a result of the interaction between ocean
biogeochemistry and physical circulation, highlighting the importance of AAIW and SAMW.
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Figure 10. Vertical profiles showing the close similarity between the distribution of dissolved zinc (dZn) and silicate (Si). Both
increase to deepwater maximums, whereas phosphate (POs), shows an intermediate depth maximum.

5. Conclusion

This study presents the first winter trace metal (Cu, Zn, Ni) data along the GIPYO05 transect and
contributes a new dataset for Ni. Nutrient like behaviour of each element suggests an active role in
biological uptake, albeit comparatively smaller in winter. Differences in trace metal seasonality were
most pronounced in the surface mixed layer where winter concentrations were consistently greater as
one moves further south. Stations close to SAF; however, showed little change over the two seasons.
Chl-a data and calculated trace metal removal ratios confirm the sub-optimal growth conditions
experienced by phytoplankton during winter. At the APF, biological uptake in summer was likely
facilitated by high, photoacclimated phytoplankton biomass in conjunction with low grazing pressure.
Low trace metal requirement and augmentation through remineralization in a deep mixed layer

characterises the winter reset state. Our results further suggest that deep winter mixing may entrain
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significant amounts of Cu, Zn and Ni, as shown previously for Fe (Tagliabue et al., 2014), and
constitutes a potentially important micronutrient supply mechanism in the initiation and maintenance
of spring/summer phytoplankton production. Strong similarities between metal profiles, particularly
Zn, and silica provides evidence for the role of diatoms in controlling their biogeochemical cycling.
The control over dissolved Cu:Si and Ni:Si ratios with depth was however imparted predominantly by
changes in watermass. Near the surface, Cu/PO4 and Zn/PO, uptake ratios increased southwards,
suspected to be the result of iron and iron/light limitation while Ni/PO4 decreased owing to a weaker

surface Ni gradient with respect to PO..
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Winter dissolved and particulate cadmium in the Indian sector of the
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Abstract

Winter distributions of dissolved cadmium (dCd) and particulate cadmium (pCd) were measured for the
first time in the Indian sector of the Southern Ocean thereby contributing a unique spatial and seasonal
dataset. Seven depth profiles, between 41°S and 58°S, were collected along the 30°E longitude during the
2017 austral winter to investigate the biogeochemical cycling of Cd and to characterise the Southern Ocean
winter reset state. Our results support an important role for biological uptake during winter months albeit
weaker compared to summer. In the remineralisation zone (between 1500 m and 250 m), dCd was closely
correlated with the major nutrient phosphate (PO.) where dCd (pmol kg?) = 426 + 44 PO, (umol kgt) —
195 (r? = 0.91 n = 89) while the distribution of pCd closely matched that of phosphorous (P) where pCd
(pmol kg?) = 1.08 £ 0.11 P (nmol kg?) - 0.29 (r> = 0.92; n = 80). In the surface mixed layer (SML), dCd
was between 10 — 100 pmol kg* higher compared to summer measurements reflecting a combination of
weaker biological uptake and increased recharge through deep winter mixing. There were distinct,
biologically driven changes in Cd cycling across the transect. For example, uptake ratios of dCd/PO4
(calculated from the slope of correlation between dCd and PO, in the SML) increased from between 434 -
513 pmol pmol* in the Sub Tropical Zone (STZ) and Sub Antarctic Zone (SAZ) to between 886 - 1058
pmol pmol in the Polar Frontal Zone (PFZ) and Antarctic Zone (AAZ). A similar southward increase was
observed for pCd/P remineralisation ratios (calculated from the slope of correlation between pCd and P
between the SML and remineralisation depth), where slope values were between 0.25 — 0.67 pmol nmol*
in the STZ and SAZ and 1.48 — 1.76 pmol nmol? in the PFZ and AAZ. Changes in uptake and
remineralisation rates were consistent with the observed shift in phytoplankton community structure. In the
PFZ and AAZ, elevated Cd requirements by diatoms may be linked to Fe-limitation. The strong southward
increase in surface dCd, from approximately 20 to 700 pmol kg, reflected the combination of preferential
uptake and regeneration of diatoms with high Cd content and the upwelling of Cd enriched watermasses in
the AAZ. Furthermore, there were distinct water mass dependent correlations between plots of dCd versus

PO, in intermediate and deep waters suggesting that dCd distributions at depth are largely the result of
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physical water mass mixing. Lastly, the formation and export of SAMW with low depleted dCd* and pCd*

signatures has potential implications for low latitude Cd cycling and productivity.
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1. Introduction

It is well established that numerous trace metals are required nutrients for phytoplankton and that trace
metal availability in the world’s oceans can influence phytoplankton growth and community structure
(Twining and Baines, 2013) with potential consequences for the global carbon cycle. Data pertaining
to the trace metal cadmium (Cd) is scarce, particularly in the Southern Ocean (Schlitzer et al., 2018),
however it has allowed for a basic model of Cd cycling to be developed. The dominant external sources
of Cd to the surface ocean are riverine discharge (Lambelet et al., 2013), natural and anthropogenic
derived atmospheric deposition (Duce et al., 1991) as well as seasonal ice melt in the polar oceans
(Holemann et al., 1999). The internal cycling of Cd in the Southern Ocean is further controlled by
complexation with natural organic ligands in surface waters (Ellwood, 2004), year-round mixing
between water masses with different preformed Cd concentrations and upwelling at higher
latitudes(Abouchami et al., 2014; Sieber et al., 2019). Additionally, deep winter mixing (or entrainment)
is a seasonally constrained physical supply mechanism whereby deeper mixing in winter compared to
summer allows access to nutrient rich sub-surface water masses found below the summer stratified layer
(Ellwood, 2008; Tagliabue et al., 2014).

This model can be extended to differentiate between various size fractions of trace metals. The dissolved
fraction (<0.2um pore size filtered seawater), denoted as “d”, e.g. dCd hereafter, is often recognised as
the nutrient reservoir available for phytoplankton uptake. The particulate fraction (>0.45um pore size
filter), denoted as “p”, e.g. pCd hereafter, is not considered bioavailable to phytoplankton yet
contributes significantly to the total Cd inventory in the ocean (Turekian, 1977). A host of
biophysicochemical processes control the cycling and exchange between dissolved and particulate
cadmium in the ocean. In the surface ocean, uptake of dCd by phytoplankton is the primary process
which facilitates the exchange between inorganic dCd and organic pCd. Subsequent processes, such as
zooplankton grazing, result in the formation of larger particles which either sink and contribute to the
vertical export of pCd, or disaggregate via remineralisation, desorption and dissolution, resulting in a
source of dCd to the surface ocean (Lam and Marchal, 2015). Scavenging (or adsorption) of dCd onto
organic or hydrothermally sourced particles may enhance export of Cd through formation of more
rapidly sinking particulate phases (Conway and John, 2015). Similarly, precipitation of solid Cd
sulphides in low oxygen environments increases pCd export in localised regions (Janssen et al., 2014).
As a result of the interplay of all these processes, an increase in water column dCd typically leads to a
decrease in pCd and vice versa. However, dissolved and particulate phases are not exact mirror images
of each other considering that water column processes lead to differences in their respective oceanic
residence times, e.g. years to thousands of years for dissolved phases and days to months for particulate
phases (Lam and Marchal, 2015).
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The first reliable open ocean dCd measurements (Boyle et al., 1976; Bruland et al., 1978) were well
correlated with the major nutrient phosphate (PO,) and showed a surface depletion (<2 pmol kg?)
relative to the deeper waters (>1000 pmol kg?), as is typical of nutrient-type behaviour. Indeed, a diatom
specific carbonic anhydrase (CA) enzyme containing Cd (CDCA) has been identified, supporting the
role of Cd as a micronutrient (Lane et al., 2005; Lane and Morel, 2000). Furthermore, Cd may stimulate
the growth of zinc (Zn) limited diatoms through a substitutive mechanism (Price and Morel, 1990). The
substitution of Cd for Zn under low Zn conditions has also been observed in other phytoplankton groups
which do not contain the CDCA enzyme, notably coccolithophores and chlorophytes (Lee and Morel,
1995; Xu et al., 2007). These findings provide a potential mechanism responsible for the observed
coupling of Cd and PO,4. However, there are divergences in the global oceanic Cd-PO4 relationship,
with a pronounced break (‘kink’) in the slope at POs ~1.3 pmol kg?, indicating a net preferential
removal of Cd from surface waters (Elderfield and Rickaby, 2000). Many studies have investigated the
assimilation of PO4 and Cd in phytoplankton and revealed different factors influencing the uptake of
Cd relative to PO4. For example, a diatom dominated phytoplankton assemblage showed decreases in
cellular Cd in response to the addition of the key micronutrient iron (Fe) suggesting Cd uptake is directly
linked to Fe availability (Cullen et al., 2003). Subsequent experiments have shown that increased
cellular Cd in response to low Fe availability appears related to reduced growth rates (Cullen, 2006) or
increased dCd uptake through non-specific Fe(ll) transporters (Lane et al., 2009, 2008). Increased
cellular Cd is also inversely related to the availability of other essential micronutrients such as Zn and
manganese (Mn; Cullen and Sherrell, 2005; Sunda and Huntsman, 2000). In sum, the role of Cd as a
micronutrient is dependent on the availability of other bio-essential trace metals concentrations, notably
Fe, Zn and Mn.

Understanding the biogeochemical cycling of Cd in the Southern Ocean is particularly important given
that water masses formed in this region are the primary communication channels to the low latitude
oceans (Broecker, 1991). The far reaching influence of the Southern Ocean has been shown in terms of
macronutrients distributions (Sarmiento et al., 2004) as well as for Cd (Middag et al., 2018; Xie et al.,
2015) highlighting the combination of biological uptake in the surface Southern Ocean, lateral transport
and mixing between water masses with different preformed nutrient signatures. While significant strides
have been made in identifying and understanding processes controlling oceanic Cd distributions, spatial
and seasonal gaps in the global database still exist. For example, the Indian sector of the Southern Ocean
is particularly data scarce (Janssen et al., 2020). Additionally, most observations to date represent
spring/summer seasons with few winter Cd measurements available (Ellwood, 2008). We therefore
have little understanding of Cd cycling over seasonal cycles and of the conditions that characterise the
Southern Ocean winter reset state, a period which may be critical in supplying Cd and other nutrients
(e.g. Fe) to sustain phytoplankton growth over the subsequent spring and summer seasons (Tagliabue
et al., 2014). Under the GEOTRACES framework, this study aims to improve our understanding of Cd
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biogeochemical cycling in the ocean by contributing first winter dissolved and particulate
measurements of Cd from the western Indian sector (WOCE meridional section 106S; GEOTRACES
section Glpr07) of the Southern Ocean.

2. Methodology
2.1. Sample collection

Seawater samples were collected on-board the SA Agulhas Il polar research vessel during the 2017
Winter Cruise (WC-17; 28/06/2017 — 13/07/2017). The cruise transect followed the World Ocean
Circulation Experiment (WOCE) 106 transect along the 30°E meridian in the Indian sector of the
Southern Ocean (Figure 1). Seven stations, consisting of four deep and three shallow, were sampled
between 41°00’S and 58°30°S allowing observations to be investigated over important frontal systems
and in different water masses. “Deep” stations were sampled from near the surface (25 m) to near sea-

floor (< 4500 m) while “shallow” stations were sampled between near surface and 1500 m depth.
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Figure 1. Sample station locations during the 2017 Winter Cruise along the GEOTRACES Glpr07 transect (30°E Longitude).
Positions of the frontal systems intersected, and corresponding oceanic zones, are shown as well as the main surface currents.
Acronyms in alphabetical order are as follows; AAZ: Antarctic Zone; AC: Agulhas Current; ACC: Antarctic Circumpolar
Current; APF: Antarctic Polar Front; MIZ: Marginal Ice Zone; PFZ: Polar Frontal Zone; SACCF: Southern Antarctic
Circumpolar Current Front; SAZ: Sub-Antarctic Zone; SAF: Sub-Antarctic Front; SBdy: Southern Boundary; STF: Sub-
Tropical Front; STZ: Sub-Tropical Zone. Figure constructed using Ocean Data View (ODV; Schlitzer, 2017).
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Seawater samples were collected following a strict ‘trace metal clean” GEOTRACES protocol (Cutter
and Bruland, 2012). A vertical profile sampling method was employed, using 24 trace clean, internally
Teflon-coated polyvinyl chloride (PVC) 12 | GO-FLO sampling bottles attached on an epoxy coated
aluminium frame CTD rosette. A Kevlar hydrowire with internal signal cables allowed for the transfer
of data between the CTD and the on-board control room. The GO-FLO bottles were triggered at
predetermined depths during the up cast. Directly upon recovery of the rosette, the GO-FLO bottles
were covered in a PVC plastic wrap in addition to their ends being covered in plastic (PVC) shower
caps, and were transported into a class 100 clean container lab for sub-sampling. Samples for dissolved
trace metal determination were collected into 125 ml acid-cleaned low density polyethylene (LDPE)
bottles after online filtration through 0.2 um pore size capsule filters (Sartobran) and under slight N>
gas (99.9999% N, BIP technology) overpressure. Samples were acidified (pH ~ 1.7) under laminar
flow using hydrochloric acid (30% Ultrapur HCL, Merck) and stored at room temperature for later
analysis. Thereafter, previously cleaned filters (25mm diameter, Supor, 0.45 um pore size) were
mounted on acid-washed swinnex (Millipore) filter holders which were then attached to the GO-FLO
spigots and used for filtration (5 - 10 L) of samples for particulate trace metal determination (Planquette
and Sherrell, 2012). After filtration, filter holders were removed and disassembled before the sampled
filter was transferred to an acid-washed polystyrene Petri-dish using clean plastic forceps. Sampled
filters were subsequently frozen at -20°C for transport back to land. All handling of filters, filter holders

and samples was done under a laminar flow hood.

2.2. Dissolved Cd determination
2.2.1. seaFAST and ICP-MS

Samples were analysed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 7900),
after offline preconcentration by Solid Phase Extraction (SPE) on a seaFAST SC-4 DX module (Cloete
et al., 2019). Briefly, 10 ml of seawater was taken up by the seaFAST (ESI) module, buffered with an
ammonium acetate buffer to a pH of 6.0 £ 0.2, and loaded onto a high affinity metal chelating resin
column (Nobias PA1). Here the metal ions including Cd were bound to the resin and separated from
the seawater matrix elements e.g. Na, Mg and Cl which passed through the column. The metal ions
were subsequently eluted from the resin column in low volumes (250 pl) resulting in a preconcentration
factor of 40. On the ICP-MS, samples were introduced using a low self-aspirating perfluoroalkoxy
(PFA) nebulizer with a flow rate of 0.2 ul min. Isotopes of 'Cd were measured using the instruments
Octopole Reaction System (ORS) in helium (He) collision mode to eliminate plasma and matrix based
interferences although the latter was extensively reduced by the seaFAST matrix removal system.
Online internal standard addition for drift correction was not possible using the self-aspirating nebulizer.
Instead, instrument drift was monitored by running a multi-element standard (MES; verified by
Inorganic Ventures) calibration standard every 6 samples. Where drift exceeded 5% relative to the

starting concentration of the MES for a specific element, a drift correction was applied using the

53



Stellenbosch University https://scholar.sun.ac.za

Chapter 3

formula: 2*Concwes_star/ (CONCmes a + ConCmes_b)*CoNncCsampie, Where a and b are the MES before and

after each set of 6 samples.
2.2.2. Accuracy and precision

The accuracy of the method was verified by the analysis of numerous community reference seawater
samples for dCd (Table 1). For the GEOTRACES SAFe D2, GSC and GSP reference seawater
(https://www.geotraces.org/standards-and-reference-materials/), our dCd concentrations were within
analytical uncertainty estimates of consensus values confirming the methods accuracy over a wide
concentration range. Our mean dCd value from the analysis of the NASS-7 certified reference material
(CRM) was within analytical uncertainty of the certified dCd value. To monitor ICP-MS precision, the
Winter Indian Southern Ocean Seawater (WISOS) internal control seawater was placed in the analysis
sequence and results compared against each other and the calibrated mean (Table 1). The WISOS
internal control was collected in bulk (20 L) from surface water at 55°S; 28°E during the 2017 Winter
Cruise after filtration through a 0.2 pum filter into an acid cleaned LDPE container. Sub-samples (1 L)
of the bulk seawater were then acidified (pH = 1.7) using hydrochloric acid (30% HCI, ultrapure,
Merck). The calibrated dCd mean (888 + 21 pmol kg?) concentration was established by replicate
analysis (n = 10) of the WISOS internal control seawater in conjunction with the SAFe and NASS-7
reference materials. Results from the analysis of the in-run WISOS control sample were 899 + 27 pmol

kg™ (n > 30) confirming the methods precision over multiple analyses.
2.2.3. Blanks and Limits of Detection

The instrument (ICP-MS) blank was quantified by introducing a solution of un-preconcentrated 2%
HNO:s, identical to the seaFAST eluent, in ultrapure deionized water. Instrument blanks were below
detection limits. To determine the blank contribution from the method, a solution of HNO3 (ultrapur,
Merck) diluted to 2% with ultra-pure deionized water, the same composition as the eluent used in
sample pre-concentration, was analysed. The blank was subjected to the same pre-concentration
procedure as the seawater samples. The mean method blank was 1.22 + 0.30 pmol kg* (n = 5). The
limit of detection (LOD) of the instrument, calculated as 3 times the standard deviation of the

preconcentrated blanks, was 0.89 pmol kg* (n = 5).
2.2.4. Data processing

Samples for dCd were analysed in duplicate. The final values represent the mean of duplicate
measurements. In the two cases where the percentage relative standard deviation (%RSD) between the
duplicate measurements was > 10%, one of the values was deemed a suspected outlier and not used
further. This was determined by curve fitting the data points based on the values above (shallower
depth) and below (deeper depth) the suspect value as well as by comparison with other parameters

(salinity, temperature, and nutrients) measured from the same GO-FLO bottle.
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Table 1. Results for dCd from the ICP-MS analysis of GEOTRACES SAFE D2, GSC and GSP seawater reference materials
(https://www.geotraces.org/standards-and-reference-materials/), NASS-7 certified seawater reference material and our own
WISOS internal reference seawater are compared with respective consensus values. Consensus values for SAFe D2 as of 2013
and GSC and GSP as of 2019. Calibrated mean values for WISOS calculated by repeat analysis (n > 10) of a large volume
surface seawater sample collected from 55°S; 28°E. Instrument and method blanks as well as ICP-MS limit of detection are

also shown.

dCd

pmol/kg
SAFe D2
Consensus 986 £ 23
TracEx (n = 4) 982 £ 10
TracEx %RSD 6.28
GSC
consensus 35521
TracEx (n =5) 345+ 21
TracEx %RSD 6.09
GSP
Consensus 2.00x2.00
TracEx (n =5) 4.07 £0.48
TracEx %RSD 11.70
NASS-7
Certified 141.50 + 14.40
TracEx (n = 5) 132.69 + 3.08
TracEx %RSD 2.32

WISOS reference seawater
TracEx Calibration (n = 10) 888.02 + 21.22

TracEx (n > 30) 899.41 + 27.55
TracEx %RSD 3.06
Blanks

Instrument (n = 5) <LOD
Method (n = 5) 1.22 £0.30
Limit of Detection (n = 5) 0.89

2.3. Phosphate and silicic acid determination

Seawater samples for macronutrient analysis were collected from GO-FLO bottles, filtered immediately
after collection using a 0.2 um pore size syringe filter (Anatop) into 50 mL Falcon® tubes and frozen at
-20°C. Post cruise, the major nutrient phosphate (PO4) was determined manually by colorimetric
method (Grasshoff, 1983) at the Marine Biogeochemistry Laboratory at the University of Cape Town
(MBL-UCT; Weir et al. in revision). The analytical error of the PO4 measurements was + 0.06 pmol

kg™ (Weir et al., in revision).
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2.4. Particulate Cd and P determination

Samples for particulate trace metals were analysed at the Université de Bretagne Occidentale (UBO)
according to the previously described (Planquette and Sherrell, 2012). Briefly, collected filters were
digested by total acid reflux digestion in an equal part mixture of 8.0 M HNO3 and 2.9 M HF (both
Fisher Optima grade), in 15 ml trace-metal clean Teflon PFA vials (Savillex®), on a hot plate at ~110°C
for 4 hours, under a fume hood. To eliminate fluorides, 100 pl of concentrated ultra-pure HNO3 was
added to the vials and evaporated to near dryness. Samples were then taken up in a 3.0 mL solution of
0.08 M HNOs, spiked with 1 pg L indium (In) to monitor instrumental drift, heated at 60°C for 1 hour
to ensure complete redissolution of any dried residue and then transferred into acid-cleaned 15 ml PP
tubes (Corning®) before analysis. Trace element analysis was performed using a Sector Field
Inductively coupled Plasma Mass Spectrometer (SF-ICP-MS; Element XR™ ThermoFisher Scientific)
at the Pole Spectrométrie Océans. Three certified reference materials (PACS 3, MESS 4 and BCR 414)
were processed as samples and analysed for pCd and P to assess the accuracy of the methodology (Table
2). The certified reference materials yielded mean percentage recoveries of 108 %, 188% and 115% for
pCd and 100%, 106% and 95% for P (PACS 3, MESS 4 and BCR 414, respectively). Filter blanks were
determined by digesting and analysing an acid washed filter. The detection limits, defined as three times
the standard deviation of the blanks, for pCd and P were 0.07 pmol kg* and 0.03 nmol kg?, respectively
(n=5).

Table 2. Results for pCd and P from the ICP-MS analysis of PACS 3, MESS 4 and BCR 414 certified references materials.
Filter blanks as well as ICP-MS limit of detection are also shown.

pCd P
umol kg mmol kg
PACS 3
Certified 19.84£1.16 29.38 +2.91
Measured 21.32+0.44 29.41+0.31
% recovery 108 100
MESS 4
Certified 2.49+0.36 33.58+5.17
Measured 469+1.21 35.58 +0.51
% recovery 188 106
BCR 414
Certified 3.41+£0.12 428.84£51.20
Measured 3.93+0.60 409.34+52.14
% recovery 115 95
Filter Blank (n = 5) 0.09 pmol kg?  0.08 nmol kg™
Limit of Detection 0.07 pmol kg 0.03 nmol kg
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2.5. Calculation of dCd* and pCd* tracers

The deviation of dCd and pCd from expected concentrations, based on the average deepwater dCd:PO4
and pCd:P ratios respectively, can be visualised by calculating dCd* and pCd*. Positive values
represent excess dCd or pCd while negative values represent depletion of dCd or pCd relative to PO,
or P respectively. Because the absolute value of dCd* and pCd* will vary depending on the chosen deep
water dCd:PO, or pCd:P value, we focus on the trends in dCd* and pCd*.

dCd* was calculated following a previous method (Janssen et al., 2014): dCd* = dCdmeasured — (PO4
measured X (ACd:PO4)deep water), Where dCd:POx geep water = 334 pmol umol?, similar to previous calculations

(350 pmol umol?; Janssen et al., 2014).

pCd* was Calculated In a Slmllar faShlon pCd* = Cdmeasured - (Pmeasured X (pCdP)deep Water), Where
PCd:Pgeep water = 0.264 pmol pmol 2.

Note that the term dCd:POa deep water refers to average spot ratio of dissolved Cd to PO, in seawater below

1000 m whereas the term pCd:P qep refers to the average ratio of particulate Cd to P in the particles.

3. Results

3.1. Hydrographic setting
3.1.1. Frontal positions

The transect intersected several frontal systems which, in turn, separated the study area into physically
and biogeochemically distinct regions (Figure 1). Frontal positions were determined previously (Weir
et al., in revision) following temperature, salinity and oxygen criteria outlined in the literature (Belkin
and Gordon, 1996; Orsi et al., 1995; Pollard et al., 2002). These parameters were measured using a
Seabird 9+ conductivity-temperature-depth (CTD) recorder attached to the rosette. The Sub-Tropical
Front (STF) located at 42.4°S, defined the boundary between the Sub-Tropical Zone (STZ) to the north
and the Sub-Antarctic Zone (SAZ) to the south. The Sub-Antarctic Front (SAF) was identified at 46.2°S
and separated the SAZ in the north from the Polar Frontal Zone (PFZ) to the south which was bounded
in the south by the Antarctic Polar front (APF) at 49.3°S. Further south, the Antarctic Zone (AAZ)
extended until the Southern Boundary (SBdy) at 58.5°S, incorporating the southern Antarctic
Circumpolar Current Front (SACCF) at 56.5°S. The Marginal Ice Zone (MI1Z), defined by 30% ice
cover, was encountered at 61.7°S (de Jong et al., 2018). The location of the sample stations meant that,
from north to south, station 1008 was found in the STZ, stations 1007 and 1006 in the SAZ, station
1005 in the PFZ and stations 1004, 1002 and 1001 were within the AAZ.

3.1.2. Water mass classification

Water masses (Figure 2) were identified using potential temperature, salinity and oxygen criteria

outlined in the literature (Anilkumar et al., 2006; Orsi et al., 1995). The high temperature and salinity
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signature of surface waters at the northernmost station reflected Subtropical Surface Water (STSW; 6
> 15°C, S > 35.25 PSU). Moving southward, the decrease in surface water temperature marked the
transition from STSW to Sub-Antarctic Surface Water (SASW) and Antarctic Surface Water (AASW).
Below the surface waters in the STZ, a layer of South Indian Central Water (SICW) was sampled. This
water mass was underlain by the northwards subducting Sub-Antarctic Mode Water (SAMW; 12 -
15°C; 26.4 - 26.8 kg m®) which was sampled between ~ 300 - 500 m at 41°S. Similarly, Antarctic
Intermediate Water of Indian origin (i-AAIW), transported from the east via the Agulhas Current (AC)
and identified by a salinity minimum (S < 34.25 PSU), was found subducting northwards below
SAMW. Together with Antarctic Intermediate Water of Atlantic origin (a-AAIW), transported from the
west via the Antarctic Circumpolar Current (ACC), i-AAIW dominated intermediate waters along the
entire transect. In contrast to the intermediate waters, sampled deep waters consisted predominantly of
southward upwelling Upper Circumpolar Deep water (UCDW) and the deeper lying North Atlantic
Deepwater (NADW). UCDW had low salinity (S < 34.80 PSU) and an Oz minimum (155- 180 pmol
kg!) while NADW was identified by deep salinity (S > 34.80 PSU) and O, maxima (180 - 200 pmol
kg?) centered at approximately 2500 m depth, at the northern stations. Below NADW, a northward
flowing LCDW was characterised by lower temperatures (~ 1°C) and a core depth around 3000 m at all
deep stations. Finally, bottom waters, termed Antarctic Bottom Waters (AABW), distinguished by
characteristic local temperature minimums (< 0.5°C) were sampled at depth in the AAZ (1002 and
1004).
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Figure 2. Distribution plot of salinity overlain by potential temperature used to characterise the water mass regime. Acronyms
in alphabetical order are as follows; AABW: Antarctic Bottom Water; AASW: Antarctic Surface Water; a-AAIW: Antarctic
Intermediate Water of Atlantic origin; i-AAIW: Antarctic Intermediate Water of Indian origin; ISW: Intermediate Surface
Water; LCDW: Lower Circumpolar Deepwater; NADW: North Atlantic Deepwater; SASW: Sub-Antarctic Surface Water;
SAMW: Sub-Antarctic Mode Water; SICW: South Indian Central Water; STSW: Sub-Tropical Surface Water; UCDW: Upper
Circumpolar Deepwater; WW: Winter Water. Figure constructed using Ocean Data View (ODV; Schlitzer, 2017). Data
displayed using weighted average gridding.
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3.1.3. Surface mixed layer and remineralisation depth

The Surface Mixed Layer (SML) at each station was defined as the area between the sea surface and
the Mixed Layer Depth (MLD) which was calculated according to the fixed density criterion (AcO =
0.03 kg m™®) using 10 m as a reference depth (de Boyer Montégut et al., 2004). The MLD was shallowest
at 122 m in the STZ, deepest in the SAZ at 190 - 220 m and shallower again in the PFZ (134 m) and
AAZ (125 -161 m). The remineralisation depth was defined as the depth interval below the SML for
which O, decreased for a corresponding PO, increase. Remineralisation depths decreased from north to
south, however physical mixing associated with upwelling of UCDW in the AAZ may overprint the
actual depth of remineralisation in this zone. In the STZ, the remineralisation depth was between the
SML and 1500 m, in the SAZ between SML and 1250 m, in the PFZ between SML and 1000 m and in
the AAZ between SML and 250 - 450 m.

3.2. Distribution of dissolved nutrients
3.2.1.dCd

Depth profiles of dCd concentrations along the transect are shown in Figure 3a. At each station, dCd
profiles displayed typical nutrient-type behaviour consistent with low surface concentrations and
increased concentrations at depth. Across the transect, dCd was fairly uniform in the SML and was
characterised by a strong north-south gradient which was associated with the frontal positions. Within
the SML, dCd concentrations were 19 + 2 pmol kg in the STZ and increased rapidly across the APF
to 758 + 16 pmol kg? in the southern AAZ. The difference between surface and deep water
concentrations was most apparent at the northern stations and decreased southwards. For example, the
mean dCd in STSW was 42 + 21 pmol kg, ~ 17 times lower than the concentration of 697 pmol kg
(n =1) in UCDW. At the southernmost station, this factor was ~ 1.5 between AASW (722 = 30 pmol
kg?) and UCDW (1027 + 65 pmol kg™?). Intermediate depth maxima in dCd varied in concentration and
with depth and coincided with local maxima in PO, and minima in O,. The mid-depth dCd maximum
ranged between 700 pmol kg™ at 1250 m depth in the STZ and 1150 pmol kg™ at 200 m depth in the
AAZ. Below the mid-depth peak, concentrations were typically lower in NADW (607 + 47 pmol kg?)
and showed increases in the LCDW (809 + 120 pmol kg*) and AABW (865 * 88 pmol kg™?).

3.2.2. Phosphate

Major nutrient concentrations have been previously reported (Weir et al., in revision). Here we briefly
describe the distribution of PO4 (Figure 3b) because of the extensive reference made to the dCd - PO,
relationship. There was a strong southward increase in SML PO, concentrations, from 0.28 + 0.08 pmol
kg! in STSW to 1.85 £+ 0.09 pumol kg* in AASW. Below the SML, PO, increased to maximum
concentrations in UCDW at each station. The intermediate depth PO, maximum was most evident
around the APF where PO, reached 2.43 + 0.16 pmol kg™. The underlying NADW (2.10 + 0.16 pmol
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kg!) and LCDW (2.14 + 0.14 pmol kg'*) were characterised by local PO4 minima before slight increases
in PO, in AABW (2.20 + 0.02 umol kg).

3.3. Distribution of particulate nutrients
3.3.1. pCd

The depth profiles of pCd (Figure 3c) generally showed the opposite vertical distribution in comparison
to dCd. Highest pCd concentrations were typically found within the surface water masses at each
station, while strong negative gradients through sub-surface water masses resulted in pCd
concentrations having uniformly low concentrations below 1000 m at all stations. UCDW, LCDW and
AABW had mean pCd concentrations of 1.34 + 1.08, 0.35 + 0.21 and 0.39 + 0.12 pmol kg* respectively.
In the SML, pCd did not show any consistent latitudinal trend. Near the APF (48°S), pCd was 18.83 £
3.76 pmol kg, the highest SML value measured, while in the STZ, pCd in the SML was the lowest at
6.18 + 3.49 pmol kg*. In general, concentrations in the SML were higher to the north of the APF and

lower to the south.
3.3.2. Phosphorous

The depth profiles of P (Figure 3d) resembled those of pCd whereby surface waters were characterised
by high P concentrations which decreased rapidly in sub surface water masses to extremely low values
at depth. Like pCd, highest SML P concentrations (14.29 + 1.78 nmol kg™) were measured near the
APF. North of the APF, concentrations in the SML ranged between 9.77 + 3.26 and 12.84 + 4.49 nmol
kg in the SAZ and STZ respectively. South of the APF, concentrations in the SML were between 8.54
+1.19 and 12.98 + 0.53 nmol kg™. At greater depths, mean P concentrations in UCDW, LCDW and
AABW were 2.47 +1.40, 1.93 + 0.87 and 1.48 + 0.25 nmol kg™, respectively.
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Figure 3. Distribution plots of a) dCd, b) PO4, c) pCd and d) P. Each figure is separated into upper 1000 m (upper panel) and
below 1000 m (bottom panel). Frontal position and corresponding zones are shown. Figure constructed using Ocean Data
View (ODV; Schlitzer, 2017). PO4 data from Weir et al., in revision. Dots represent depths sampled. Data displayed using
weighted average gridding.

4. Discussion
4.1. Comparison with previously reported dCd and pCd

The data presented here contributes the first measurements of dCd and pCd from the 30°E longitude in
the Indian sector of the Southern Ocean and one of only a handful of winter trace metal datasets
produced globally, thus closing key spatial and seasonal gaps in the global database. For comparative
purposes, a global compilation of dCd and pCd measurements (Figure 4) has been created from all
available data included in the GEOTRACES Intermediate Data Product (IDP) 2017 (Schlitzer et al.,
2018; see figure caption for full list of references) The data was separated into full depth profiles from
surface to near sea floor for dCd (Figure 4a) and pCd (Figure 4b) and profiles from surface to 1000 m
depth for dCd (Figure 4c) and pCd (Figure 4d).

For dCd, concentrations in the Indian sector of the Southern Ocean (this study) fell within the range of
concentrations found in other ocean basins. In terms of dCd, the overwhelming majority of vertical
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profiles showed surface minima, between 0.04 pmol kg (Mediterranean Sea; Gerringa et al.,
unpublished) and 36 pmol kg* (Atlantic Southern Ocean, Baars et al., 2014) and intermediate to deep
dCd maxima, between 368 pmol kg (Mediterranean Sea, Gerringa et al., unpublished) and 1246 pmol
kg (North Pacific Ocean, Minami et al., 2015). For the full depth profiles, the Indian sector of the
Southern Ocean dCd data had a range of 18 — 1160 pmol kg™ which compared most similarly to that of
the Atlantic Southern Ocean (36 — 970 pmol kg*; Baars et al., 2014)) and Indian Ocean (10 — 1100
pmol kg*; Thi Dieu Vu and Sohrin, 2013). In the Atlantic sector of the Southern Ocean, dCd showed
strong summer surface gradients associated with the frontal positions (Baars et al., 2014; Boye et al.,
2012), similar to the gradients observed here. However, surface dCd in winter was between 10 - 100
pmol kg higher compared to summer values (Baars et al., 2014; Boye et al., 2012), and more closely
resembled the comparative winter surface gradients (Ellwood, 2008). Furthermore, dCd at our
northernmost station (41°S; 30°E) was similar to a station at a similar latitude but further east (60°E;
Thi Dieu Vu and Sohrin, 2013). Here, dCd profiles were characterized by low (< 80 pmol kg?) surface
concentrations and a mid-depth maximum of around 800 pmol kg, were similar to the northern stations

along this transect.

For pCd, concentrations in the Indian sector of the Southern Ocean fell within the range of
concentrations found in other ocean basins and most closely resembled those observed in the South
Atlantic, particularly in the upper 1000 m. Highest pCd concentrations were found in surface waters of
all datasets while extremely low values, between 0.02 pmol kg™ (South Atlantic; Henderson et al.,
unpublished) and 0.06 pmol kg? (Indian sector of Southern Ocean) characterised deep ocean
distributions. For the upper 1000 m, mean pCd concentrations were between 1.13 and 5.04 pmol kgt in
the North Atlantic (Hayes et al., 2018) and Equatorial Pacific (Lee et al., 2018) respectively while the

mean value for the Indian sector of the Southern Ocean was 5.92 pmol kg.

4.2. Distribution of dCd and pCd in the upper water column
4.2.1. Relation with PO4, P and O>

Seawater samples were collected in early to mid-July and therefore represent early winter conditions.
Owing to increased surface mixing and decreased light exposure (Dong et al., 2008; Swart et al., 2015),
the winter months are generally considered biologically dormant in comparison to the spring and
summer months. However, estimates of productivity (inferred through measurements of Chl-a), were
comparable to spring measurements and were at the lower end of summer measurements. For example,
north of the APF, our early winter (July) Chl-a concentrations averaged over the SML (0.31 - 0.54 pg
kg™) were similar to Chl-a concentrations measured to the east during spring (0.34 ug kg*; Becquevort
et al., 2000) and summer (0.39 - 1.23 pg kg*; Rembauville et al., 2016). In the AAZ, our SML Chl-a
(0.20 - 0.30 pg kg?) was within the range of previous spring concentrations (0.10 - 0.39 ug kg*;

Becquevort et al., 2000) and below previous summer concentrations (0.49 - 0.98 ug kg; Rembauville
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Figure 4. Box and whisker plots of a) dCd for full depth profiles, b) pCd for full depth profiles, c) dCd for profiles to 1000 m
and d) pcd for profiles to 1000 m. Data compiled from all available data from the GEOTRACES intermediate data product
(IDP) 2017 (Schlitzer et al., 2018). Plots in bold are data from this study. From bottom to top, plots are structured as follows:
minimum, quartile 1, median, quartile 3, maximum. The cross (x) represents the mean value. Note the changes in the vertical
scale. For dCd data references are as follows, Indian Southern Ocean data [this study (n = 132 full depth; 103 < 1000 m)],
Atlantic Southern Ocean [transect GIPY05 (n = 177 full depth; 116 < 1000 m) (Baars et al., 2014)], Pacific Southern Ocean
[transect GIPY06 (n = 82 full depth; 223 < 1000 m) (Butler et al., 2013), transect GIPY02 (n = 0 full depth; 109 < 1000 m)
(Butler et al., 2013), transect GPpr01 (n = 0 full depth; 34 < 1000 m) (Hassler and Ellwood, unpublished), transect GPpr02
(n = 77 full depth; 168 < 1000 m (Ellwood, 2008)], North Atlantic Ocean [transect GAO2 (n = 407 full depth; 227 < 1000
m) (Middag et al., 2018), transect GA03 (n = 588 full depth; 303 < 1000 m) (Hayes et al., 2018)], Tropical Atlantic Ocean
[transect GAO2 (n = 479 full depth; 259 < 1000 m) (Middag et al., 2018), transect GA11 (n = 57 full depth; 27 < 1000 m)
(Xie et al., 2018)], South Atlantic Ocean [transect GAO2 (n = 482 full depth; 261 < 1000 m) (Middag et al., 2018; Xie et al.,
2015), transect GA10 (n = 340 full depth; 159 < 1000 m (Achterberg, Henderson, Schlosser, unpublished), transect GIPY04
(n = 86 full depth; 103 < 1000 m) (Boye et al., 2012)], Indian Ocean [transect G104 (n = 167 full depth; 94 < 1000 m) (Thi
Dieu Vu and Sohrin, 2013)], North Pacific Ocean [transect GP02 (n = 256 full depth; 137 < 1000 m) (Minami et al., 2015),
transect GP18 (n = 94 full depth; 49 < 1000 m) (Minami et al., 2015), transect GPpr07 (n = 25 full depth; 68 < 1000 m)
(Janssen et al., 2017)], Tropical Pacific Ocean [transect GP16 (n = 667 full depth; 350 < 1000 m) (John et al., 2017)], South
Pacific Ocean [transect GP13 (n = 342 full depth; 544 < 1000 m) (Bowie, Boyd, Ellwood, van der Merwe, Queroue,
Townsend, unpublished)] and Mediterranean Sea [transect GAO4 (n = 1376 full depth; 1057 < 1000 m) (Gerringa, Middag,
Rijkenberg, Rolison, Stirling, unpublished)]. For pCd, references are as follows, Indian Southern Ocean data [this study (n
= 122 full depth; 94 < 1000 m)], North Atlantic Ocean [transect GAO3 (n = O full depth; 34 < 1000 m) (Hayes et al., 2018)],
Tropical Atlantic Ocean [transect GA06 (n = 103 full depth; 82 < 1000 m) (Achterberg, unpublished)], South Atlantic Ocean
[transect GA10 (n = 231 full depth; 134 < 1000 m) (Henderson, Achterberg, Milne, Lohan, unpublished)] and Tropical
Pacific Ocean [transect GP16 (n = 703 full depth; 397 < 1000 m) (Lee et al., 2018)].
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et al., 2016). This suggests that the winter euphotic layer was not biologically dormant (Weir et al., in
revision) and that biological uptake by phytoplankton could potentially play an important role in

controlling dCd and pCd distributions during winter.

Further evidence for biological activity in winter stems from the closely coupled distribution of Cd and
the major nutrient P, particularly in the remineralisation zone where a strong linear relationship between
dCd vs PO4 [dCd (pmol kg?) = 426 + 44 PO, (umol kg?) - 195; r2 = 0.91; n = 89] and pCd vs P [pCd
(pmol kg?) = 1.08 £ 0.11 P (nmol kg™?) - 0.29; r> = 0.92; n = 80] were observed. Assuming that all P is
of biogenic origin, and considering the close coupling of pCd and P, it is reasonable to assume that pCd
is majorly biogenic in composition. Low dCd and PO4 and high O, concentrations in the SML and
enrichments in oxygen depleted subsurface waters (Figure 5a; in Figure 5 we plot only stations from
the SAZ where O, profiles were very similar) are widely accepted to result from biological uptake by
phytoplankton in the euphotic zone and subsequent remineralisation at depth (Abouchami et al., 2014).
Biological uptake and assimilation of dCd and PO, drives the production of organic pCd and P as
observed by the high surface pCd and P concentrations in the surface waters (Figure 5b). In the
subsurface, low pCd and P coincide with low O and correspond to depths at which dCd and PO, show
local maxima reflecting the aerobic remineralisation of sinking phytoplankton cells by the microbial
community. The extremely low (<1 pmol kg!) concentrations of pCd, and relatively high concentrations
of dCd (>500 pmol kg™), below 1000 m depth suggests that Cd cycling at depth is controlled by the
dissolved fraction. In sum, the lower dCd in surface waters coincides with low PO4 and high O, while
in the subsurface, dCd maxima coincides with PO, maxima and O, minima reflecting uptake at the

surface and subsurface regeneration respectively.
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Figure 5. Plots of a) dCd vs PO4 overlain with Oz and b) pCd vs P overlain with O2. Data from both plots is from the SML
and remineralisation zone in the SAZ. Figure constructed using Ocean Data View (ODV; Schlitzer, 2017).
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4.2.2. Regional variations in uptake and regeneration

Phytoplankton cellular Cd quotas are reported to range by a factor of 100 (0.01 — 1 mmol mol* P)
compared to a factor of 20 for other bioactive metals such as Fe, Mn, Zn and Cu (Ho et al., 2003;
Twining and Baines, 2013). As a result, Cd cycling may be significantly influenced by the local
phytoplankton community. In an effort to better understand the link between Cd distributions and local
phytoplankton community assemblages we calculate the uptake and remineralisation ratios at each
station (Figure 6) and compare with available cellular Cd quotas for various species. The uptake ratio
describes the slope of correlation between dCd/PO, in the SML while the remineralisation ratio
describes the slope of correlation between pCd/P in the remineralisation zone (see section 3.1.3).
dCd/POs slope values were between 434 - 513 pmol umol™? in the STZ and SAZ and increased to
between 886 - 1058 pmol pmol in the PFZ and AAZ. A similar spatial trend was observed for pCd/P,
where slope values were between 0.25 — 0.67 pmol nmol in the STZ and SAZ and increased to slope
values between 1.48 — 1.76 pmol nmol™in the PFZ and AAZ. This is consistent with global estimates
showing a distinct pCd enrichment on particles exported from the surface layer south of 45 — 50 °S
(Quay et al., 2015). The significant correlation (P < 0.05) between dCd/PO4 and pCd/P across the
transect suggests that the surface dCd to PO, uptake stoichiometry is reflected in the particulate material
exported below the SML and that the regeneration of this signal dominates the dCd and PO, increases
in subsurface waters.
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Figure 6. dCd/PO4 uptake ratios and pCd/P remineralisation ratios calculated for each station. Uptake ratios calculated as
the slope of correlation between dCd and PO4 in the SML. Remineralisation ratios calculated as the slope of correlation
between pCd and P between the SML and bottom of the remineralisation zone. Error bars represent + one standard deviation.
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Furthermore, spatial trends in dCd/PO, and pCd/P systematics reflect the uptake characteristics of the
local phytoplankton community. A pCd/P ratio of 0.51 mmol mol* was reported for a flagellate
dominated assemblage in the North Atlantic Ocean (Kuss and Kremling, 1999) and falls within the
range of our pCd/P ratios in the STZ and SAZ. Indeed, flagellates were dominant in the low Si(OH).
(< 3 umol kg?) surface waters of the STZ and SAZ (Weir et al., in revision), and their lower cellular
Cd quotas compared to diatoms (Twining and Baines, 2013) provides a probable explanation for the
low pCd/P ratios at the northern stations. Further south, the elevated pCd/P remineralisation ratios
suggest a dominance of diatoms in the Si(OH)4 replete (> 25 umol kg?) surface waters of the AAZ and
also in the PFZ where Si(OH), was > 5 pmol kg™, in agreement with phytoplankton community data
(Weir et al., in revision). Open ocean diatoms are characterised by high cellular Cd quotas in relation
to other phytoplankton groups likely driving the elevated ratios in the PFZ and AAZ. For example, a
pCd/P ratio of 1.29 pmol nmol* (Cullen et al., 2003) has been reported for a diatom dominated Southern
Ocean phytoplankton assemblage, comparable to our pCd/P ratios from the PFZ and AAZ (1.48 - 1.76
pmol nmol™?). Reasons for the enriched cellular Cd in diatoms appear related to Fe availability (Cullen
et al., 2003; Lane et al., 2009, 2008) and Mn and Zn availability (Cullen and Sherrell, 2005; Lee et al.,
1995; Sunda and Huntsman, 2000). Here we discuss only Fe availability considering that surface dMn
(> 0.4 nmol kg?) and dZn (> 2.5 nmol kg?), analysed concurrently with dCd but discussed elsewhere,

within the PFZ and AAZ were high and increased southwards.

The availability of Fe in surface waters has been shown to impact the dCd to PO uptake dynamics of
diatoms whereby diatoms under Fe-limitation either preferentially remove dCd relative to PO, in surface
waters via growth biodilution (Cullen et al., 2003; Sunda and Huntsman, 2000) or via an additional dCd
requirement through a non-specific Fe(ll) transporter which is up-regulated under Fe-limitation (Lane
et al., 2009, 2008). Both mechanisms are plausible considering that surface dFe was low (< 0.1 nmol
kg?) throughout the PFZ and AAZ, potentially at or near limiting availability, and that both result in
increased dCd/PO4 and pCd/P. While dFe in the surface remained low in the STZ and SAZ, the effect
of (near)-limiting dFe concentrations on Cd/PO4 uptake and pCd/P regeneration dynamics of non-
diatom phytoplankton assemblages is not well understood. However the lower dCd/PO4 and pCd/P
calculated at the northern stations suggest that flagellates have lower Cd requirements compared to

diatoms.
4.3. Upwelling and physical resupply of dCd through deep winter mixing

Considering the strong preferential uptake of dCd in the PFZ and AAZ, we would expect surface dCd
to remain low throughout the southern section of the transect. However, the mean SML dCd
concentration in the PFZ and AAZ was between 327 to 722 pmol kg™ and significantly higher compared
to stations to the north (Figure 3a). The strong surface dCd gradient was likely the result of the upwelling

of underlying water masses, primarily UCDW, which supply dCd enriched waters to the surface layer.
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Upwelling of UCDW occurs in the AAZ, where UCDW was sampled between 300 — 600 m, and is
laterally transported northwards into the PFZ (Orsi et al., 1995). Importantly, UCDW carried a high
mean dCd:POy spot ratio of 370 pmol pmol? (Figure 7a), similar to the previous summer spot ratios
(365 pmol umol?; Baars et al., 2014). The dCd:PO, spot ratios in UCDW increased southwards and
reached a maximum of ~ 500 pmol pmol? below the SML in the AAZ. The source of the ‘excess’ dCd
relative to PO4 was predominantly from the remineralisation of particles with high pCd:P (Figure 7b)

which, in turn, was set during biological uptake within the SML.
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Figure 7. Distribution plots of a) dCd:PO4 spot ratios and b) pCd:P spot ratios. Each plot is separated into upper 500 m
(upper panel) and below 500 m (bottom panel). Frontal position and corresponding zones are shown. In 7a, dotted lines
represent the average range of the summer mixed layer depth (data from WOCE Global Data Resource, (2018)). Solid line
represents the calculated winter mixed layer depth during this study. Figure constructed using Ocean Data View (ODV;
Schlitzer, 2017). Dots represent depths sampled. Data displayed using weighted average gridding.
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In addition to the strong latitudinal trends in dCd:PO4 spot ratios, we observed a significant increase
with depth (Figure 7a). Increasing dCd:PQO, spot ratios with depth supports the notion of a physical
resupply of dCd to the SML through deep winter mixing. While our sampling took place before the
period of maximum nutrient recharge, between August and November (Johnson et al., 2017), the early
winter MLDs in the SAZ were similar to the maximum values (~200m) expected in west Indian sector
(Sallée et al., 2010) suggesting deep winter mixing and nutrient recharge was ongoing. Deep winter
mixing is an important nutrient resupply mechanism in the Southern Ocean as shown previously for Fe
(Mtshali et al., 2019; Tagliabue et al., 2014) and other trace metals (Cloete et al., 2019). Here, deeper
mixing during the winter months allows access to more nutrient rich waters (i.e. with higher dCd:PQOs)
found below the depleted summer mixed layer, potentially resupplying dissolved nutrients which may
aid and sustain local phytoplankton production through the spring and summer months. For example,
in the STZ and SAZ, dCd:PO, increased by 2 -3 fold from 66 - 96 pmol pmol™* at the depth of the
average summer mixed layer in this region (between 60 — 80 m; WOCE Global Data Resource, 2018),
to values between 169 - 223 pmol pmol™ at the base of the winter mixed layer (~ 200 m; Figure 7a).
Winter deep mixing may be of particular importance in the STZ and SAZ where summer surface dCd

can be depleted to < 10 pmol kg™ (Boye et al., 2012).
4.4. Export of Cd signatures to the low-latitude ocean

The Southern Ocean plays a central role in the global thermohaline circulation such that water masses
formed in the high latitude Southern Ocean spread throughout the Southern Hemisphere and North
Atlantic Ocean (Carter et al., 2009). Of particular importance here is SAMW which forms from
wintertime cooling and mixing of STSW and SASW (McCartney, 1977). SAMW is the main conduit
of nutrients for the low latitude ocean (Sarmiento et al., 2004) and therefore has the potential to
influence low latitude productivity (Marinov et al., 2006). Our data suggest that SAMW, sampled
between 300 — 500 m in the STZ, is characterised by low dCd* and pCd* signatures relative to other
water masses (Figure 8). The net result is that SAMW exports waters that are depleted in dCd relative
to PO4. Furthermore, as a result of the relatively low pCd in the particles, remineralisation of particles
is not likely to preferentially enrich SAMW in dCd during transport. These observations are consistent

with the low dCd:PO4 and low pCd:P measured in the upper ocean at lower latitudes (Quay et al., 2015).
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Figure 8. Plot of pCd* vs dCd* with data points for SAMW (12 - 15°C; Anilkumar et al., 2006) enlarged and coloured
according to the temperature scale. Calculations for pCd*, dCd* described in text (section 2.5). Figure constructed using
Ocean Data View (ODV; Schlitzer, 2017).

4.5. dCd in intermediate and deep waters and the importance of water mass
mixing

While dCd and PO, are well correlated, our data show a change in the steepness of the dCd/PO, slope
at PO, > 1.0 umol kg (Figure 9), a feature commonly referred to as the ‘kink’, and which is evident in
the global dCd/dPQgrelationship (Middag et al., 2018) which was derived from the GEOTRACES 2017
Intermediate Data Product (IDP 2017; Schlitzer et al., 2018). The samples with low dCd and PO4
represent surface waters from the STZ and SAZ and plot on a relatively shallow linear slope (61 £ 9
umol mol™) with a slightly negative intercept indicating a slight preferential uptake of Cd relative to
PO,. Our winter slope value is higher compared to summer STZ and SAZ surface waters (31 + 6 pmol
mol*; Baars et al., 2014; Boye et al., 2012) likely reflecting preferential dCd recharge (relative to POx)
as a result of deep winter mixing (see section 4.3). The higher dCd/PO. signatures of intermediate and
deep water masses are collectively represented by the steep linear slope (Frew and Hunter, 1992). We
calculate a dCd/POs slope value of 453 + 9 pmol mol™ (n = 73) for these waters which is similar to
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slopes observed in previous Southern Ocean winter measurements (444 + 11 umol mol*; Ellwood,
2008), and lower compared to slope values in the Atlantic sector of the Southern Ocean (590 £ 12 umol
mol™; Baars et al., 2014; Boye et al., 2012). The high slope values and negative intercepts in our winter
data suggest a combination of preferential uptake (and subsurface regeneration) of dCd relative to PO,
but also strong upwelling of dCd enriched water masses in the AAZ (Baars et al., 2014). Furthermore,
we identify that in fact multiple linear equations compose data from the steep slope (Figure 9) as shown
previously in the Atlantic (Middag et al., 2018). Each slope represents a different water mass and it is
assumed that mixing between water masses with different origins and hence, different preformed
nutrient components, results in a new equation where the slope value falls between the slope values of
the water mass end-members being mixed. For example, NADW has a dCd/dPOs slope value of 250
umol mol™ at its source in the high latitude North Atlantic (Bruland and Franks, 1983) compared to a
slope value of 311 + 5 pmol mol (n = 8) measured here. As NADW flows southward across the equator,
the increase in slope value arises from mixing with northward flowing AAIW (340 + 15 pmol mol™?; n
= 30) at intermediate depths and at deeper depths with CDW (344 + 11 pmol mol?; n = 38) and AABW
(2934 + 22 pmol mol; n = 4). These Antarctic derived water masses have higher dCd/dPOsslope values

such that the slope for NADW observed here lies between its source waters and the waters it interacted

with.
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Figure 9. Plot of dCd/dPOs ratios, defined as the correlation of the slope between dCd and POg, for various water masses.
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5. Conclusion

This study presents the first winter measurements of dissolved cadmium (dCd) and particulate cadmium
(pCd) along the 30°E longitude in the Indian Sector of the Southern Ocean. The results provided a
unique opportunity to investigate Cd cycling over seasonal cycles and to characterise the Southern
Ocean winter reset state. Our data suggests that biological uptake of trace metals is an important factor
to consider during the winter season despite unfavourable growth conditions for phytoplankton. Close
correlations between dCd and PO, as well as pCd and P, were maintained throughout the transect. At
all stations, dCd was lowest in the SML and increased with depth. Conversely, pCd was highest in the
SML and decreased rapidly with depth. The vertical behaviours of both dCd and pCd are consistent
with biological uptake in surface waters and remineralisation in the sub surface. Concentrations of dCd
in the SML were higher compared to summer measurements likely reflecting a combination of weaker
biological uptake and increased recharge through deep winter mixing.

Furthermore, there were distinct regional trends in uptake and remineralisation ratios likely reflecting
changes in phytoplankton community structures. Uptake ratios in the SML, (dCd/PO.) were lower in
the STZ and SAZ and increased by ~ 2 fold in the PFZ and AAZ. Remineralisation ratios calculated
between the SML and remineralisation depth (pCd/P) showed a similar southward increase suggesting
a change from a phytoplankton community with lower Cd requirements in the STZ and SAZ (e.g.
flagellates) to a community with higher Cd requirements in the PFZ and AAZ (e.g. diatoms).
Preferential uptake and assimilation of Cd by diatoms may be linked to Fe availability. The combined
effect of preferential uptake and regeneration of diatoms with high Cd content and the upwelling of
watermasses in the AAZ resulted in the strong southward increase in surface dCd. In the SAZ, the
formation and export of SAMW with low dCd* and pCd* signatures has potential implications for low
latitude Cd cycling and productivity. In the intermediate and deep waters, where dCd dominated Cd
cycling, there were distinct water mass dependent correlations between plots of dCd versus dPO4 which
suggested that dCd distributions are largely the result of mixing between northward travelling waters
of Antarctic origin with high dCd/dPO4 slopes and southward travelling NADW with an inherently low
dCd/dPQssignature.
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Chapter 4
Winter dissolved and particulate zinc in the Indian Sector of the

Southern Ocean: distribution and relation to major nutrients
(GEOTRACES Glpr07 transect)

A presentation of the prepared research paper

This research manuscript has been prepared for submission to Marine Chemistry. I am the lead author
of the manuscript. J.C. Loock, N.R. van Horsten, J-L. Menzel Barraqueta, S. Fietz, T.N. Mtshali, H.

Planquette, M. I. Garcia-Ibanez and A.N. Roychoudhury are co-authors.

This manuscript contributes the first winter measurements of dissolved zinc (dZn) and particulate zinc
(pZn) along the 30°E longitude in the Indian sector of the Southern Ocean. Along with major nutrient
data, phosphate (PO.), phosphorous (P), silicic acid (Si(OH).) and biogenic silica (bSi), this paper
investigates Zn biogeochemical cycling in a season generally considered to be biologically dormant. As

a result, we attempt to gain a better understanding of Zn cycling over seasonal timescales.

I was responsible for the collection and analysis of seawater samples for dZn, data processing and
writing of the manuscript.
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Abstract

First winter measurements of dissolved zinc (dZn) and particulate zinc (pZn) are presented from seven
locations, between 41 and 58°S, occupied along the 30°E longitude in the Indian Sector of the Southern
Ocean. This unique spatial and seasonal dataset provided the opportunity to investigate Zn biogeochemical
cycling in a region which is extremely data scarce and during a period when conditions are unfavourable
for phytoplankton growth. Our results support an important biological control for Zn cycling in the upper
water column, albeit weaker than in summer. For example, winter dZn in the surface mixed layer (SML)
was between 0.15 and 1.46 nmol kg? higher compared to previous summer measurements reflecting
reduced biological uptake by phytoplankton as well as increased recharge through deep winter mixing.
Furthermore, there were distinct biologically driven changes in Zn cycling across the transect. In the
Antarctic Zone (AAZ), high uptake rates of dZn relative to phosphate (PO4) in the SML (dZn/POs smL =
6.36 + 1.66 nmol umol™), characteristic of Southern Ocean diatoms, were reflected by high ratios of pZn
to phosphorous (P) in the SML (pZn/Psm. = 4.78 + 1.64 pmol nmol™?). High SML concentrations of dZn in
the AAZ (2.66 — 3.66 nmol kg™) were maintained through upwelling of Upper Circumpolar Deep Water
(UCDW) preferentially enriched in dZn relative to PO, as a result of diatom export to the remineralisation
zone (PZn/Premin = 4.90 pmol nmol?). Because of their requirement for Si(OH)4, diatoms play a major role
in the observed coupling between dZn and Si(OH). [dZn (nmol kg™) = 0.064 Si(OH), + 0.69; r> = 0.92; n
= 120] and pZn and biogenic silica (bSi) [pZn (pmol kg™) = 131 bSi (umol kg?) + 36; r> = 0.75; n = 30].
In the region of upwelling, the northward flow of Antarctic Surface Waters (AASW) depleted in dZn (and
Si(OH),) relative to PO., sets the lower dZn/PO4 smi (0.90 — 1.91 nmol pmol™?) and pZn/Psw. (1.28 — 2.35

pmol nmol™?) ratios observed in surface waters north of the AAZ. As these waters are the source of Sub-
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Antarctic Mode Waters (SAMW), the northward flow of this dZn and Si(OH), deficient water mass has
potential implications for Zn cycling in the global low latitude ocean (Vance et al., 2017). In the deep
waters, elevated concentrations of dZn and Si(OH)s below 3000 m in the AAZ may reflect nutrient

accumulation in waters whose northward flow is inhibited by the Indian mid-Ocean ridge.
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1. Introduction

Zinc (Zn) is an essential trace metal micronutrient for marine phytoplankton and its availability in the
surface ocean has potential implications for biological productivity which, in turn, influences the
biogeochemistry of non-metals such as carbon and nitrogen (Morel et al., 1991; Morel and Price, 2003).
While zinc is a critical component in numerous enzymes involved in metabolism, perhaps the most
important are the metalloproteins carbonic anhydrase and alkaline phosphatase, which enable efficient
carbon fixation and the uptake of dissolved organic phosphorous respectively (Shaked et al., 2006;
Twining and Baines, 2013). However, high concentrations of dissolved Zn (dZn; > 10 nmol kg™), which
can be found in estuarine and coastal upwelling settings, are known to be toxic to phytoplankton (Sunda
and Huntsman, 1998, 1996). On the other hand, low dZn concentrations (< 0.01 nmol kg), typical of

open ocean settings, could be potentially bio-limiting (Brand et al., 1983).

Owing to an increase in reliable data in the last few decades, and particularly since the onset of the
GEOTRACES era (Anderson, 2020), our understanding of the processes controlling the exchange
between dissolved and particulate trace metal phases are better constrained. In the surface ocean,
assimilation of dZn by phytoplankton is the primary process resulting in the exchange between
inorganic dZn (< 0.2um pore size filtered seawater) and organic particulate zinc (pZn; > 0.45um pore
size filter) phases. Subsequent processes, e.g. zooplankton grazing, result in the formation of larger
particles which either sink and contribute to the vertical export of pZn, or disaggregate (via
remineralisation, desorption and dissolution) back to smaller particles contributing a source of dZn to
the surface ocean (Lam and Marchal, 2015). Scavenging (or adsorption) of dZn onto organic particle
surfaces may enhance export of Zn through formation of more dense and more rapidly sinking
particulate phases (John and Conway, 2014). Similarly, authigenic Zn sulphide precipitation has been
suggested in low oxygen environments with implications for pZn export in localised regions (Conway
and John, 2015; Janssen and Cullen, 2015). As a result of the interplay between uptake and regeneration
processes, an increase in the dZn pool typically leads to a decrease in the pZn pool. However, the
exchange between dissolved and particulate phases is not necessarily proportional considering that
biological and physical processes lead to differences in their residence times i.e. years to thousands of
years for dissolved phases compared with days to months for particulate phases (Lam and Marchal,
2015).

Comparing the distribution of zinc to those of the major nutrients, silicic acid (Si(OH).) and phosphate
(PO.), has proven a useful tool in constraining processes governing Zn distribution. For example, there
is a tight correlation between global dZn and Si(OH)a distributions with water column concentrations

of both elements characterised by surface depletion and enrichments at depth (Bruland, 1980; Ellwood,
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2008; Janssen et al., 2020, Middag et al., 2019; Wyatt et al., 2014; Zhao et al., 2014). The depths at
which dZn and Si(OH)4 reach their greatest enrichment are deeper compared to the intermediate depth
maxima displayed by global PO, distributions (Bruland, 1980; Middag et al., 2018; Quay et al., 2015).
The relationship between dzn, Si(OH). and PO. appears at odds considering that Zn and organic
phosphorous (P) are associated with the organic matter of phytoplankton cells (Twining et al., 2004,
2003), while a negligible amount of Zn is incorporated into the siliceous frustules of diatoms (Ellwood
and Hunter, 2000). It would therefore be expected that dZn, like POy, is regenerated at shallower depths
from the rapidly dissolvable organic material and that there is no direct mechanism linking dZn and
Si(OH)a. Recently, two hypotheses have sought to explain this phenomenon. The first suggests that the
coupling of dZn and Si(OH). is a consequence of the natural interaction between ocean biogeochemistry
and physical circulation through the Southern Ocean hub (Vance et al., 2017). In sum, Antarctic surface
waters are preferentially stripped of dZn and Si(OH)a relative to PO., consistent with the known uptake
stoichiometry of diatoms in this region. Physical circulation dictates that the dZn and Si(OH)4 depleted
surface waters are transported to the low latitude thermocline thereby setting the low dZn, low Si(OH).
biogeochemical signature throughout much of the upper ocean (Sarmiento et al., 2004). Furthermore,
the export of diatom cells beneath the winter mixed layer traps the majority of dZn and Si(OH), in the
deep ocean despite variances in their regeneration length scales. The second hypothesis adopts a more
mechanistic approach whereby a secondary, deeper dZn source is inferred. The reversible scavenging
model suggests that dZn is released at shallow depths from decomposing organic particles at the same
rate as PO4, however dZn is then reversibly scavenged (adsorbed) onto sinking organic particles
resulting in its enhanced flux, relative to non-scavenged elements like PO, to the deep ocean (John and
Conway, 2014; Weber et al., 2018).

Another aspect of Zn cycling requiring attention relates to seasonality. To date, the vast majority of Zn
data represent spring/summer seasons, when conditions (e.g. increased light levels, shallow mixed
layers) are favourable for phytoplankton growth. However, little is known about Zn cycling during
winter months with only two studies reporting winter Zn data for the Atlantic (Cloete et al., 2019) and
Pacific (Ellwood, 2008) sectors of the Southern Ocean. Of particular interest is winter deep mixing, a
seasonally constrained physical supply mechanism whereby deeper mixing in winter compared to
summer may tap into to nutrient rich sub-surface water masses found below the summer stratified layer.
Resupply of nutrients through deep winter mixing may be critical in initiating and sustaining
phytoplankton growth over the subsequent spring and summer seasons, as shown previously for iron
(Tagliabue et al., 2014). Furthermore, Sub-Antarctic Mode Water (SAMW), formed in the deep winter
mixed layers of the Sub Antarctic Zone, is the primary communication channel between the Southern
Ocean and the global low latitude upper ocean (Broecker, 1991). Therefore, investigating Zn cycling in
the source region for SAMW may have important and far reaching implications as shown previously
for Zn (Vance et al., 2017), Si(OH)4 (Sarmiento et al., 2004) and cadmium (Middag et al., 2018; Xie et
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al., 2015). This study aims to address these knowledge gaps by contributing the first winter
measurements of dZn and pzn from the Indian sector of the Southern Ocean (WOCE meridional section
106S; GEOTRACES section Glpr07).

2. Methods
2.1. Sample collection

Seawater samples were collected on-board the SA Agulhas Il polar research vessel during the 2017
Winter Cruise (28/06/2017 — 13/07/2017). The transect followed the World Ocean Circulation
Experiment (WOCE) 106 transect along the 30°E meridian in the Indian sector of the Southern Ocean
(Figure 1). Of the nine planned stations, seven, consisting of four deep (< 4500 m) and three shallow
stations (> 1500 m) , were sampled between 41°S and 58°30’S allowing observations to be investigated
over important frontal systems and in different water masses. Two stations (1003 and 1009) were

cancelled for trace metal sampling due to intense storms present at the time of station occupation.

30°S

SOUTH
AFRICA
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10°E 20°E 30°E 40°E 50°E

Figure 1. Sample station locations during the 2017 Winter Cruise along the GEOTRACES Glpr07 transect (30°E longitude).
Positions of the frontal systems intersected, and corresponding oceanic zones, are shown as well as the main surface currents.
Acronyms in alphabetical order are as follows; AAZ: Antarctic Zone; AC: Agulhas Current; ACC: Antarctic Circumpolar
Current; APF: Antarctic Polar Front; PFZ: Polar Frontal Zone; SACCF: Southern Antarctic Circumpolar Current Front;
SAZ: Sub-Antarctic Zone; SAF: Sub-Antarctic Front; SBdy: Southern Boundary; STF: Sub-Tropical Front; STZ: Sub-Tropical
Zone. Figure constructed using Ocean Data View (ODV; Schlitzer, 2017).
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A vertical profile sampling method, using 24 internally Teflon-coated polyvinyl chloride (PVC) 121
GO-FLO sampling bottles (General Oceanics), was employed at all sampling stations. Seawater
samples were collected following a strict ‘trace metal clean’ protocol using a GEOTRACES compliant
CTD (conductivity, temperature and depth) recorder and rosette (Cutter and Bruland, 2012). A Kevlar
hydrowire with internal signal cables allowed for the transfer of data between the CTD and the on-board
control room. The GO-FLO bottles were triggered at pre-determined depths during the up cast. Directly
upon recovery of the rosette, the GO-FLO bottles were covered in a PVC plastic wrap in addition to
their ends being covered in plastic (PVC) shower caps, and were transported into a class 100 clean lab
for sub-sampling. Samples for dissolved trace metal determination were collected in 125 ml acid-
cleaned low density polyethylene (LDPE, Nalgene) bottles after online filtration through 0.2 pum
Sartobran filters and under slight N2> (99.9999% N, BIP technology) overpressure. Samples were
acidified (pH = 1.7) on-board under a laminar flowhood using hydrochloric acid (Ultrapur HCL, Merck)
and stored for later analysis. Thereafter, previously cleaned filters (25mm diameter, Supor, 0.45um pore
size) were mounted on acid-washed swinnex (Millipore) filter holders which were then attached to the
GO-FLO spigots and used for filtration (recorded between 5 - 10 L) of samples for particulate trace
metal determination (Planquette and Sherrell, 2012). After filtration, filter holders were removed and
disassembled before the sampled filter was transferred to an acid-washed polystyrene Petri-dish using
clean plastic forceps. Sampled filters were subsequently frozen at -20°C for transport back to land. All

handling of filters, filter holders and samples was done under a laminar flow hood.

2.2. Dissolved Zn determination
2.2.1. seaFAST and ICP-MS

Seawater samples were first preconcentrated by Solid Phase Extraction (SPE) on a seaFAST SC-4 DX
module prior to quantification by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Agilent
7900). During preconcentration, 10 ml of seawater was buffered to a pH of 6.0 £ 0.2 with an ammonium
acetate buffer. The buffered solution was then loaded onto a column containing a high affinity metal
chelating resin (Nobias PA1) where the Zn ions were bound to the resin and separated from the seawater
matrix elements e.g. Na, Mg and Cl which passed through the column. The Zn ions were subsequently
eluted from the resin column in low volumes (250 pl) resulting in a preconcentration factor of 40. After
preconcentration, the analyte was introduced into the ICP-MS using a low self-aspirating
perfluoroalkoxy (PFA) nebulizer with a flow rate of 0.2 pl min. Isotopes of %6Zn were measured using
the instruments Octopole Reaction System (ORS) in helium (He) collision mode to eliminate plasma
and matrix based interferences although the latter was extensively reduced by the seaFAST matrix
removal system. Online internal standard addition for drift correction was not possible using the self-
aspirating nebulizer. Instead, instrument drift was monitored by running a multi-element standard

(MES,; verified by Inorganic Ventures) calibration standard every 6 samples. Where drift exceeded 5%
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relative to the starting concentration of the MES for a specific element, a drift correction was applied

using equation 1:

eq. 1.  2*Concwmes_star! (ConCmes a+ Concmes_p)*CONCsample
where a and b are the MES before and after each set of 6 samples.
2.2.2. Accuracy and precision

The accuracy of the dZn analyses was verified by way of comparison with GEOTRACES reference
seawater (https://www.geotraces.org/standards-and-reference-materials/) and NASS-7 certified
reference material (Table 1). For the GEOTRACES SAFe D2, GSC and GSP reference seawater, our
dzn values were within analytical uncertainty confirming the methods accuracy over oceanographically
relevant concentrations. For the NASS-7, our dZn value was in good agreement with the certified
value.To monitor ICP-MS precision, the Winter Indian Southern Ocean Seawater (WISOS) internal
reference seawater was placed in the analysis sequence and results compared against each other and the
calibrated mean (Table 1). The WISOS reference seawater (0.2 um filtered seawater) was collected
from surface water at 55°S; 28°E during the 2017 Winter Cruise. The calibrated mean concentration
(9.67 £ 0.23 nmol kg*) was established by replicate analysis (n = 10) of the WISOS in conjunction with
the SAFe and NASS-7 reference materials. The in-sequence analysis of the WISOS (n > 30) yielded a

value of 9.63 + 0.24 nmol kg* confirming the methods precision.
2.2.3. Blanks and limits of detection

The instrument (ICP-MS) blank was quantified by introducing a solution of un-preconcentrated 2%
HNOs, identical to the seaFAST eluent, in ultra-pure deionized water. The instrument blank was 0.07
nmol kg for Zn (Table 1). To determine the blank contribution from the method, a solution of HNO3
(ultrapur, Merck) diluted to 2% with ultra-pure deionized water, the same composition as the eluent
used in sample pre-concentration, was analysed. The blank was subjected to the same pre-concentration
procedure as the seawater samples. The method blank was 0.09 + 0.02 nmol kg* and was subtracted
from sample values. The limit of detection (LOD), calculated as 3 times the standard deviation of the

preconcentrated blank, was 0.02 nmol kg™.
2.2.4. Data processing

Samples for dZn was analysed in duplicate. The final values represent the mean of duplicate
measurements. In cases where the percentage relative standard deviation (%RSD) between the duplicate
measurements was > 10% (n = 13), one of the values was deemed a suspected outlier and not used
further. This was determined by curve fitting the data points based on the values above (shallower
depth) and below (deeper depth) the suspect value as well as by comparison with other parameters

(salinity, temperature, and nutrients) measured from the same GO-FLO bottle.
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Table 1. Results from the ICP-MS analysis of GEOTRACES SAFE D2, GSC and GSP seawater reference materials
(https://www.geotraces.org/standards-and-reference-materials/), NASS-7 certified seawater reference material and our own
WISOS internal reference seawater are compared with respective consensus values. Consensus values for SAFe D2 as of 2013
and GSC and GSP as of 2019. Certified values for NASS-7 as of 2018. Calibrated mean values for WISOS calculated by repeat
analysis (n > 10) of a large volume surface seawater sample collected from 55°S; 28°E. Instrument and method blanks as well
as ICP-MS detection limits are also shown.

dZn

nmol kg
SAFe D2
Consensus 7.43 £0.25
TracEx (n =5) 7.23+0.25
TracEx %RSD 3.46
GSC
Consensus 1.40£0.10
TracEx (n =5) 1.41+0.10
TracEx %RSD 7.09
GSP
Consensus 0.03£0.05
TracEx (n = 5) 0.10 £ 0.02
TracEx %RSD 20.00
NASS-7
Certified 6.27 +1.22
TracEx (n = 5) 6.59 £ 0.07
TracEx %RSD 1.06
WISOS reference seawater
TracEx Calibration (n = 10) 9.67 £0.23
TracEx (n >30) 9.63+0.24
TracEx %RSD 2.49
Blanks
Instrument (n = 5) 0.07 £0.01
Method (n = 5) 0.09 £ 0.01
LOD 0.02

2.3. Phosphate and silicic acid determination

Macronutrient concentrations were described previously (Weir et al., in revision). Here, we briefly
summarise the analytical methods. Seawater samples for phosphate (PO,) and silicic acid (Si(OH)a)
analysis were collected from GO-FLO bottles, filtered immediately after collection using a 0.2 pum pore
size syringe filter into 50 mL Falcon® tubes and frozen at -20°C. Macronutrient analysis was done at
the Marine Biogeochemistry Laboratory at the University of Cape Town (MBL-UCT). POs was
determined manually by colorimetric method (Grasshoff, 1983) with an analytical error of + 0.06 pmol
kg™. Si(OH)s was analysed using a Lachat Quick-Chem flow injection analyser (Wolters, 2002) with

an analytical error of + 0.2 umol kg™.
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2.4. Particulate Zn and P determination

Samples for particulate trace metals were analysed at the Université de Bretagne Occidentale (UBO).
Details of the analytical procedure have been previously described (Planquette and Sherrell, 2012) and
are presented briefly here. Collected filters were digested by total acid reflux digestion in an equal part
mixture of 8.0M HNO; and 2.9M HF (both Fisher Optima grade), in 15 ml trace-metal clean Teflon
PFA vials (Savillex®), on a hot plate at ~110°C for 4 hours, under a fume hood. To eliminate HF, 100
pl of concentrated ultra pure HNO3; was added to the vials and evaporated to near dryness. Samples
were then taken up in a 3.0 mL solution of 0.080 M HNOjs, spiked with 1 pug L indium (In) to monitor
instrumental drift, heated at 60°C for 1 hour to ensure complete redissolution of any dried residue and
then transferred into acid-cleaned 15 ml PP tubes (Corning®) before analysis. Trace element analysis
was performed using a Sector Field Inductively coupled Plasma Mass Spectrometer (SF-ICP-MS;
Element XRTM ThermoFisher Scientific) at the Pole Spectrométrie Océans. Three certified reference
materials (PACS 3, MESS 4 and BCR 414) were processed as samples and analysed for pZn and P to
assess the accuracy of the methodology (Table 2). The certified reference materials yielded mean
percentage recoveries of 108%, 100% and 97% for pZn and 100%, 106% and 95 % for P (PACS 3,
MESS 4 and BCR 414, respectively). Filter blanks were determined by digesting and analysing an acid
washed filter. The detection limits, defined as three times the standard deviation of the blanks, for pZn

and P were 2.82 pmol kg and 0.03 nmol kg™, respectively (n = 5).

Table 2. Results for pZn and P from the ICP-MS analysis of PACS 3, MESS 4 and BCR 414 certified references materials.
Filter blanks as well as ICP-MS limit of detection are also shown.

pZn P
mmol kg mmol kg*
PACS 3
Certified 5.80+0.23 29.38 +2.91
Measured 6.24 +0.72 29.41+0.31
% recovery 108 100
MESS 4
Certified 2.25+0.09 33.58 +5.17
Measured 2.25+0.59 35.58 +0.51
% recovery 100 106
BCR 414
Certified 1.71£0.04 428.84+51.20
Measured 1.66+£0.21 409.34+£52.14
% recovery 97 95
Filter Blank 1.47 pmol kg®  0.08 nmol kg™
Limit of Detection 2.82 pmol kg?  0.03 nmol kg'*
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2.5. Biogenic silica

Biogenic silica (bSi) concentrations were described previously (Weir et al., in revision). Here, we
briefly summarise the analytical method. Seawater (2 L) was filtered through a 47 mm diameter, 0.8
pUm pore size cellulose acetate membrane filter (Sartorius Stedim Biotech). The filter was then folded,
placed in a plastic petri dish and oven-dried for 12 hrs at 60°C. Filters were subsequently analysed for
bSi using a NaOH digestion method and a Genesys 10-S UV spectrophotomometer. The instruments
detection limit was 0.19 umol kg* and blank interferences (0.04 + 0.002 umol kg?) were subtracted
from final reported bSi concentrations. For all samples, the lithogenic fraction was found to be below
the detection limit of the hydrofluoric acid digestion method (1.8 pmol kg™).

2.6. extended optimum multiparameter (eOMP) analysis

An extended optimum multiparameter (eOMP) analysis (Karstensen and Tomczak, 1998) was used to
solve the water mass structure of the section. Briefly, OMP analyses consider that the observed
physicochemical properties of a given water sample can be formulated as a linear combination of a
finite number of water masses represented by the so-called source water types (SWTs; Tomczak, 1999).
The SWTs are points in the n-dimensional parameter space, where n is the number of properties that
characterize SWTSs. In this work, the SWTs are characterized by potential temperature, salinity, oxygen,
nitrate, phosphate and silicic acid (Table 3). Once the SWTs and their physicochemical properties are
defined, the goal of an OMP analysis is to find the fractions of each SWT (X;) in each water sample and

does so by a least-square method constrained to be positive definite:
d=G* Xi+ AOwio/R + &

where d is the observed property in a water sample, G is the matrix containing the properties defining
the SWTs, Xi is the relative contributions of each SWT to the sample, AOapio accounts for the changes
in oxygen due to the synthesis and/or remineralisation of the organic matter, R are the Redfield-like
stoichiometric ratios and ¢ is the residual. In this study we used an R of 12 for silicic acid (Perez et al.,
1993; Castro et al., 1998), 175 for phosphate and 10.5 for nitrate (Takahashi et al., 1985; Anderson and
Sarmiento, 1994). The OMP analysis was restricted to water samples with pressure >1000 dbar. The

eOMP analysis was reliable since it explained 99% of the changes in the conservative tracers.

The Xis strongly depend on the characterization of the SWTs (Tomczak, 1981), the choice of which is
a key step of the analysis. In this work, we selected the properties for Upper Circumpolar Deep Water
(UCDW) from Carter et al. (2014); and those of CDW, North Atlantic Deep Water (NADW), and
Antarctic Bottom Water (AABW) from Liu and Tanhua (2019).
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Table 3. Properties characterizing the source water types (SWTs?) considered in this study. The square of correlation
coefficients (R?) between the observed and estimated properties are also given.

Potential

Salinit 0.0 NOS? PO SOy

temperag’g PSU (umol kg™ ®  (umol kg®)®  (umol kg?)®  (umol kg®) ®

UCDW 3.67 3431 319.00 2067 152 36,51
CDW 0.40 34.68 345,17 19.99 150 115.18
NADW 293 34.91 323.28 12.48 0.84 13.21
AABW 0.47 34.66 353.12 21.92 1.62 124.91
R? 0.99 0.99 0.97 0.91 0.82 0.93

& uCDW: upper Circumpolar Deep Water; CDW: Circumpolar Deep Water; NADW: North Atlantic Deep Water; and AABW:
Antarctic Bottom Water.

b Oxygen (02, nitrate (NO2P), phosphate (PO4°) and silicic acid (SiO4°) represent preformed values; note that Oz represent
saturation.

3. Results

3.1. Description of the study area
3.1.1. Frontal positions

The Southern Ocean encircles Antarctica and is dominated by the uninterrupted, eastward flowing
Antarctic Circumpolar Current (ACC). Another major current, the Agulhas current (AC) flows
southward along the east coast Africa before retroflecting at the southern tip of the continent due to
shear interactions with the ACC. A number of important oceanographic fronts run parallel with the
ACC and divide the Southern Ocean into distinct biogeochemical zones (Figure 1). Frontal positions
were determined were determined previously (Weir et al., in revision) following temperature, salinity
and oxygen criteria outlined in several sources (Belkin and Gordon, 1996; Orsi et al., 1995; Pollard et
al., 2002). These parameters were measured using a Seabird 9+ conductivity-temperature-depth (CTD)
recorder attached to the rosette. To the north of the transect, the Sub-Tropical Front (STF) at 42.4°S
separated the Sub-Tropical Zone (STZ) to the north from the Sub-Antarctic Zone (SAZ) to the south.
Likewise, the Sub-Antarctic Front (SAF) at 46.2°S separated the SAZ in the north from the Polar Frontal
Zone (PFZ) to the south which, in turn, was bounded in the south by the Antarctic Polar front (APF) at
49.3°S. Further south, the Antarctic Zone (AAZ) extended until the Southern Boundary (SBdy) at
58.5°S, incorporating the Southern Antarctic Circumpolar Current Front (SACCF) at 56.5°S. The
Marginal Ice Zone (MI1Z), defined as 30% ice cover, was encountered at 61.7°S (de Jong et al., 2018).

3.1.2. Water mass characterisation

The hydrography of the Southern Ocean is largely defined by the upwelling and ventilation of deep
waters at the higher latitudes (Orsi et al., 1995). As a consequence of wind driven forcing, nutrient rich
Upper Circumpolar Deepwater (UCDW) upwells south of the APF (Figure 2). Near the surface, a
portion of the upwelled water moves south, as Antarctic Surface Water (AASW; < 5.0°C; Anilkumar et

al., 2006), where continued cooling and sea-ice formation increase water density initiating subduction
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and eventual formation of cold (6 = ~ 0°C) Antarctic Bottom Water (AABW) which flows northward
along the basin floor (Orsi et al., 1999). In the upwelling region, the remaining portion of upwelled
UCDW flows northward via Ekman drift. Here, surface waters warm rapidly toward the north forming
Sub-Antarctic Surface Water (SASW; 5 - 9°C) and Sub-Tropical Surface Water (STSW; 14 - 24°C;
Anilkumar et al., 2006). Subducting northward below the surface water masses were Antarctic
Intermediate Water (AAIW) and Sub-Antarctic Mode Water (SAMW; 12 - 15°C; 26.4 - 26.8 kg m™3;
Anilkumar et al., 2006). Intermediate waters were comprised of two varieties, namely the Indian variety
(i-AAIW), transported from the east via the AC and identified by a salinity minimum (S < 34.25 PSU),
and the colder, more saline Atlantic variety (a-AAIW), transported from the west via the ACC. Together
with mode waters, intermediate waters are the chief communicators between the major ocean basins
exporting their biogeochemical signatures to the lower latitude oceans (Gordon et al., 1992). Deeper in
the water column, North Atlantic Deep Water (NADW), identified by a deep salinity and oxygen
maximum (S > 34.80 PSU; §'®0 > 0.25; Aken et al., 2004) was generally characterised by lower
concentrations of all major nutrients in relation to the overlying UCDW and underlying Lower

Circumpolar Deepwater (LCDW).
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Figure 2. Distribution plot of salinity overlain by potential temperature used to characterise the water mass regime. Acronyms
in alphabetical order are as follows; AABW: Antarctic Bottom Water; AASW: Antarctic Surface Water; a-AAIW: Antarctic
Intermediate Water of Atlantic origin; i-AAIW: Antarctic Intermediate Water of Indian origin; ISW: Intermediate Surface
Water; LCDW: Lower Circumpolar Deepwater; NADW: North Atlantic Deepwater; SASW: Sub-Antarctic Surface Water;
SAMW: Sub-Antarctic Mode Water; SICW: South Indian Central Water; STSW: Sub-Tropical Surface Water; UCDW: Upper
Circumpolar Deepwater; WW: Winter Water. Figure constructed using Ocean Data View (ODV; Schlitzer, 2017). Data
displayed using weighted average gridding.

3.1.3. Surface mixed layer and remineralisation depth

The Surface Mixed Layer (SML) at each station is defined as the area between the sea surface and the
Mixed Layer Depth (MLD) which was calculated according to the fixed density criterion (Ac6 = 0.03
kg m=) using 10 m as a reference depth (de Boyer Montégut et al., 2004). Along this transect, the STZ
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had the shallowest MLD (122 m) while the SAZ was characterised by the deepest MLD’s observed
(190 - 220 m). Further south, the MLD generally increased from 134 m in the PFZ to between 125 and
161 min the AAZ. The remineralisation depth was defined as the depth interval for which O, decreased
for a corresponding PO, increase. Remineralisation depths decreased from north to south, however
physical mixing associated with upwelling of UCDW in the AAZ may overprint the actual depth of
remineralisation in this zone. In the STZ, the remineralisation depth was between the SML and 1500
m, in the SAZ between SML and 1250 m, in the PFZ between SML and 1000 m and in the AAZ between
SML and 250 - 450 m.

3.2. Distribution of dissolved elements
3.2.1.dZn

The distribution of dZn is shown in Figure 3a. At each station, dZn was lowest in surface waters and
increased to local maxima in the deepest water mass sampled. The lowest measured dZn was in STSW
(0.44 + 0.28 nmol kgt) while highest concentrations were observed in AABW (8.67 + 0.42 nmol kg?),
sampled south of the Indian ridge below 3000 m depth. Surface water dZn concentrations increased
southwards by approximately 8-fold between STSW in the north and AASW (3.37 + 0.28 nmol kg?) to
the south. This trend was also observed in the intermediate and deep waters with distinct increases
across the APF. For example, dZn was 2.49 + 0.92 nmol kg™ in intermediate waters north of the APF
(i-AAIW) and 6.01 + 0.74 nmol kg™ in intermediate waters south of the APF (a-AAIW). Similarly, the
dZn in UCDW increased from 4.85 + 1.05 to 6.49 + 0.37 nmol kg™ across the APF. In general, NADW
was characterised by slightly lower dZn concentrations relative to surrounding water masses. For
example, in the PFZ (St. 1005; 48°S), dZn in NADW was 4.91 + 0.20 nmol kg, 5.14 + 0.89 nmol kg
Lin the overlying UCDW and 6.62 + 0.03 nmol kg in the underlying LCDW. In deep waters (> 2500
m) north of the Indian ridge (St. 1005 and 1006), dZn was 5.71 + 1.18 nmol kg while to the south (St.
1004 and 1002) dZn was 8.51 + 0.37 nmol kg™.

3.2.2. Phosphate, silicic acid and relations to dZn

Concentrations of PO4 and Si(OH). have been previously reported (Weir et al., in revision) and are
shown in Figure 3b and 3c respectively. Here we focus the ratios of dZn to PO4 and dZn to Si(OH)..
For the full dataset, dZn (nmol kg?) = 2.93 PO4 (umol kg?) -1.33 (nmol kg?); r? = 0.55; n = 120) and
dzn (nmol kg™) = 0.064 Si(OH). (umol kg?) + 0.69 (nmol kg?); r2 = 0.92; n = 120). The slopes of
correlation between dZn and POy in the SML (dZn/PO4smi) and between dZn and Si(OH)4 in the SML
(dZn/Si(OH)4 smw) varied over the transect suggesting differences in dZn to macronutrient uptake rates.
dZn/POg4 smL was 0.90 + 0.14 nmol pmol™ in the STZ and SAZ and increased southwards to values of
1.91 +0.12 and 6.36 + 1.66 nmol umolin the PFZ and AAZ respectively. For dZn/Si(OH)4 sm, slope
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values were 0.11 + 0.02 nmol pmol=in the PFZ and between 0.05 + 0.01 and 0.18 + 0.01 nmol pmol*
in the AAZ.

3.3. Distribution of particulate elements
3.3.1. pZn

Depth profiles of pzZn (Figure 3d) typically had highest concentrations near the surface, particularly in
the AAZ where surface water pZn was 106 + 29 pmol kg™. Surface water pZn decreased northward
with mean values of 68 + 9 pmol kg™ in the PFZ, 37 + 12 pmol kg in the SAZ and 21 + 6 pmol kg? in
the STZ. There was no clear trend in intermediate and deep water pZn distributions. However, below
1000 m depth, pZn was generally higher south of the APF (33 + 16 pmol kg*) compared to north of the
APF (22 + 11 pmol kg?).

3.3.2. Phosphorous and relation to pZn

The distribution of P (Figure 3e) was characterised by high surface concentrations, rapid decreases
through sub surface water masses and low concentrations at depth. There were no clear latitudinal trends
in surface water P distributions. High surface water P concentrations were measured in the PFZ (22.07
+ 3.32 nmol kg™) and SAZ (21.05 + 5.79 nmol kg?). In the AAZ, surface water P was (14.23 + 4.62
nmol kg?) while lowest surface water P was measured in the STZ (10.62 + 8.44 nmol kg1). With depth,
mean P concentrations decreased consistently between UCDW (2.47 + 1.40 nmol kg), LCDW (1.93 +
0.87 nmol kg?) and AABW (1.48 + 0.25 nmol kg1). The slope of correlation between pZn and P in the
SML (pZn/PswmL) increased southwards from 1.28 + 0.63 pmol nmol* in the STZ and SAZ, 2.35 + 0.21
pmol nmol in the PFZ and 4.78 + 1.64 pmol nmol*in the AAZ. Similarly, the slope of correlation
between pZn and P between the SML and depth of remineralisation (pZn/Premin) increased southwards
from 1.08 + 0.27 pmol nmol™ in the STZ and SAZ, 2.14 + 0.46 pmol nmol™ in the PFZ and 4.90 + 0.43
pmol nmol?in the AAZ.

3.3.3. Biogenic silica and relation to pZn

Concentrations of bSi (Figure 3f) are only available for the upper 150 m of the water column and have
been previously reported (Weir et al., in revision). The slope of correlation between pZn and bSi in the
SML (pZn/bSism.) was 1292 + 48 nmol umol™ at 48°S in the PFZ and between 583 + 16 (58°S) and
1559 + 14 (56°S) nmol pmoltin the AAZ. We assume 150 m as representative of the SML for stations
where the MLD is deeper i.e. in the SAZ
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Figure 3. Distribution plots of a) dZn b) POsa, ¢) Si(OH)4, d) pZn, e) P and f) bSi. Each figure is separated into upper 1000 m
(upper panel) and below 1000 m (bottom panel). Frontal position and corresponding zones are shown. POa, Si(OH)4 and bSi
data from Weir et al., in revision. Figure constructed using Ocean Data View (ODV; Schlitzer, 2017). Dots represent depths
sampled. Data displayed using weighted average gridding.

4. Discussion
4.1 Comparison with previously reported dZn and pZn

The data presented here contributes the first winter measurements of dZn and pZn from the 30°E
longitude in the Indian sector of the Southern Ocean. For comparative purposes, a global compilation
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of dZn and pZn measurements (Figure 4) has been created from all available data included in the
GEOTRACES Intermediate Data Product (IDP) 2017 (Schlitzer et al., 2018; see figure caption for
dataset references). The data, portrayed as box and whisker plots, was separated into full depth profiles
from surface to near seafloor for dZn (Figure 4a) and pZn (Figure 4b) and profiles from surface to 1000
m depth for dZn (Figure 4c) and pZn (Figure 4d).

For dZn, concentrations measured in the Indian sector of the Southern Ocean (this study) fell within the
range of measurements from as other ocean basins. There is a global commonality in the vertical
distributions of dZn where low surface concentrations, as low as 0.002 nmol kg™ in the South Pacific
Ocean (Bowie and Ellwood, unpublished), increase with depth to values above 10 nmol kg for most
ocean basins, typical vertical behaviour for a ‘nutrient type” element. For full depth profiles, the Indian
sector of the Southern Ocean dZn data had a range between 0.16 — 9.12 nmol kg™ which compared most
similarly to the Indian Ocean (0.16 — 11.14 nmol kg*; Thi Dieu Vu and Sohrin, 2013) and Atlantic
sector of the Southern Ocean (0.32 — 7.79 nmol kg*; Croot et al., 2011). However, in the upper 100 m,
winter dZn from the Indian sector of the Southern Ocean was between 0.6 and 1.2 nmol kg? higher
compared to the summer values from the Atlantic sector (Croot et al., 2011). In the intermediate and
deep waters, our dZn data from 48°S (St. 1005) was in good agreement with dZn data from the same
latitude in the Atlantic sector (Station PS71-104-2; (Zhao et al., 2014). There were also differences in
surface dZn between the Indian and Pacific sectors of the Southern Ocean with dZn from the Indian
sector approximately 0.1 — 0.2 nmol kg™ higher compared to summer (Butler et al., 2013) and winter
dZn concentrations (Ellwood, 2008).

For pZn, concentrations in the Indian sector of the Southern Ocean (this study) fell within the range of
concentrations measured in the Atlantic and Pacific basins. Highest pZn concentrations were found in
surface waters of all datasets while extremely lower values were typically measured in the deep ocean.
The pZn maximum for the Southern Ocean (147 pmol kg*) was far lower compared to the maxima
from the Pacific (208 pmol kg™; Ohnemus et al., 2017) and Atlantic (415 — 717 pmol kg*; Schlitzer et
al., 2018). The increased particle load in the Pacific and Atlantic basins coincided with stations closest
to the continental margin and therefore likely reflected suspension of shelf sediments and external inputs
associated with atmospheric deposition (e.g. Saharan dust in the tropical and North Atlantic Ocean).
More recently (i.e. produced after the release of GEOTRACES IDP 2017), surface pZn distributions (<
50 m) have been measured in summer along the 30°E line in the Indian sector of the Southern Ocean
(Barrett et al., 2018), overlapping with our transect. Reported pZn concentrations were low north of the
APF (< 200 pmol kg?) increased in the AAZ (200 - 500 pmol kg™). Summer surface pZn was therefore
higher compared to our winter surface pZn north of the APF (< 75 pmol kg?) and in the AAZ (75 — 147
pmol kg?).
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Figure 4. Box and whisker plots of a) dZn for full depth profiles, b) pzn for full depth profiles, dZn for profiles to 1000, and
d) pzn for profiles to 1000 m. Data compiled from all available data from the GEOTRACES intermediate data product (IDP)
2017 (Schlitzer et al., 2018). Plots in bold are data from this study. From bottom to top, plots are structured as follows:
minimum, quartile 1, median, quartile 3, maximum. The cross (x) represents the mean value. Note the changes in the vertical
scale. For dZn, data references are as follows, Indian Southern Ocean data [this study (n=120 full depth; 91 <1000m)],
Atlantic Southern Ocean [transect GIPY05 (n=164 full depth; 105 <1000m) (Croot et al., 2011)], Pacific Southern Ocean
[transect GIPYO06 (n=82 full depth; 224 <1000m) (Butler et al., 2013), transect GIPY02 (n=0 full depth; 108 <1000m) (Butler
et al., 2013), transect GPpr01 (n=0 full depth; 28 <1000m) (Ellwood, unpublished), transect GPpr02 (n=69 full depth; 96
>1000m) (Ellwood, 2008)], North Atlantic Ocean [transect GA02 (n=407 full depth; 227 <1000m) (Middag et al., 2019),
transect GA03 (n=589 full depth; 304 <1000m) (Conway and John, 2014)], Tropical Atlantic Ocean [transect GA02 (n=475
full depth; 255 <1000m) (Middag et al., 2019)], South Atlantic Ocean [transect GA02 (n=429 full depth; 235 <1000m)
(Middag et al., 2019), transect GA10 (n=596 full depth; 308 <1000m) (Wyatt et al., 2014)], Indian Ocean [transect G104
(n=168 full depth; 95 <1000m) (Thi Dieu Vu and Sohrin, 2013)], North Pacific Ocean [transect GP02 (n=319 full depth; 170
<1000m) (Kim et al., 2017) , transect GP18 (n=94 full depth; 49 <1000m) (Minami et al., 2015), transect GPpr07 (n=24 full
depth; 46 <1000m) (Janssen and Cullen, 2015)], Tropical Pacific Ocean [transect GP16 (n=663 full depth; 340 <1000m)
(John et al., 2017)], South Pacific Ocean [transect GP13 (n=316 full depth; 368 <1000m) (Bowie and Ellwood, unpublished)]
and Mediterranean Sea [transect GA04 (n=1371 full depth; 1052 <1000m) (Frank, unpublished)]. For pZn, data references
are as follows, Indian Southern Ocean data [this study (n=122 full depth; 94 <1000m)], North Atlantic Ocean [transect GA03
(n=0 full depth; 34 <1000m) (Boyle, Bruland, Conway, John, Middag, Wu, unpublished)], Tropical Atlantic Ocean [transect
GAO06 (n=103 full depth; 82 <1000m) (Achterberg, Milne, Lohan, unpublished)], South Atlantic Ocean [transect GA10 (n=231
full depth; 134 <1000m) (Henderson, Achterberg, Milne, Lohan, unpublished)] and Tropical Pacific Ocean [transect GP16
(n=703 full depth; 397 <1000m) (Ohnemus et al., 2017)].
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4.2. Differences between winter and summer dZn distributions

In an attempt to gain insights into the seasonal cycling of dZn, we compare our winter data to recent
summer measurements from the SAZ, PFZ and AAZ within the western Indian sector and eastern
Atlantic sector of the Southern Ocean (St. 3, 4, 5, 6, 7, 24; Janssen et al., 2020; Sieber et al., 2019).
Produced subsequent to the GEOTRACES IDP 2017, these datasets were chosen as they had a similarly
high sampling resolution (6 — 8 measurements in the upper 200 m) to our dataset. Comparisons were
made over the depth of the winter mixed layer and comparative summer stations were chosen so as to
best resemble our winter stations e.g. similar latitude and remote from any continental or island
influences. In all zones, the mean winter dZn was higher compared to summer measurements. For
example, seasonal dZn differences were lowest in the SAZ (0.17 nmol kg), intermediate in the PFZ
(0.68 nmol kg?) and highest in the AAZ (1.09 nmol kg™). The seasonal differences here are slightly
higher compared with previous observations in the PFZ and AAZ from the Atlantic sector where winter
dZn was between 1.15 — 1.24 nmol kg higher compared to summer (Cloete et al., 2019). Seasonal
differences in dZn concentrations over the winter mixed layer are consistent with winter — summer
differences in PO4 concentrations over the same depth interval. For example, based on a dZn/PO. slope
value of 2.93 nmol umol™* (derived from our overall dZn/PO, winter relationship), a PO, drawdown of
0.04, 0.20 and 0.30 pmol kg (the observed winter — summer PO, difference in the SAZ, PFZ and AAZ
respectively), equates to a dZn drawdown of between 0.12 and 0.88 nmol kg, which roughly equates
to the observed seasonal dZn signal (0.17 - 1.09 nmol kg). This suggests that reduced biological uptake

during winter accounts significantly for the higher surface dZn compared to summer.

In addition to reduced biological uptake, deep winter mixing may also contribute to higher surface dZn
observed in the winter mixed layer. Increasing dZn concentrations with depth provides the basis for
physical resupply to the SML through deep winter mixing. Typically, the period of maximum nutrient
recharge is between August and November (Johnson et al., 2017) however our early winter MLD’s
were similar to the maximum depths (~200 m) expected for the west Indian sector (Sallée et al., 2010),
suggesting deep winter mixing and nutrient recharge were ongoing. When comparing average dZn:PO,
ratios for the summer and winter mixed layer, we noticed distinct increases below the summer mixed
layer. For example, dZn:PO, ratios increased by values between 0.12 nmol pmol* in the PFZ and 0.45
nmol pmoltin the AAZ (Figure 5). The net result of deep winter mixing is the preferential resupply of

dZn through access to waters which are enriched in dZn relative to PO, particularly in the AAZ.
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Figure 5. Distribution plots of dissolved dZn:PO4 spot ratios for the upper 500 m of the water column. Frontal positions and
corresponding zones are shown. Dotted lines represent the average range of the summer mixed layer depth (60 — 80 m; data
from WOCE Global Data Resource, (2018)). Solid line represents the calculated winter mixed layer depth during this study.
Figure constructed using Ocean Data View (ODV; Schlitzer, 2017). Figure constructed using Ocean Data View (ODV;
Schlitzer, 2017). Dots represent depths sampled. Data displayed using weighted average gridding.

4.3. Processes driving Zn cycling
4.3.1 Zonal trends in dZn - PO4 and pZn - P systematics

We observed distinct differences in Zn cycling across the different Southern Ocean zones (Figure 6).
To illustrate these differences, we compare ratios of dZn and PO, in the SML (dZn/PO. sm) with ratios
of pZn to P in the SML (PZn/Psm.) and between the SML and remineralisation depth (pZn/Premin). In
the STZ and SAZ, dZn/PO4 sm. followed a shallow linear slope (0.90 + 0.14 nmol pumol™; Figure 6a)
which increased through the PFZ (1.91 + 0.12 nmol pumol™?; Figure 6b) and AAZ (6.36 + 1.66 nmol
umol?; Figure 6¢). In the STZ and SAZ, our slope value is higher than that calculated in summer for
SAZ surface waters in the Indian sector (0.31 £ 0.20 nmol pmol™; Janssen et al., 2020) however if we
apply the same PO, constraints (PO4 < 1.20 umol kg?) to our data the resulting dZn/PO4sm. slope (0.44
+ 0.12 nmol pmol™?) is more consistent. Our dZn/PO4 sww slope value in the AAZ is consistent with a
slope value of 6.5 nmol pumol™? measured in the Atlantic and Pacific sectors (Sieber et al., 2019). In
subsurface waters of the STZ, SAZ and PFZ, there is a distinct change toward steeper dZn/PQO4 slopes
reflecting vertical mixing with intermediate and deep waters with high dissolved Zn to PO, spot ratios.
In the AAZ, vertical mixing follows the steep dZn/PO4 slope set by diatoms in the SML, consistent with
previous observations (Sieber et al., 2019). For pZn/Psw, a similar southward increasing trend in slope
values was observed where pZn/Psm. was low in the STZ and SAZ (1.28 + 0.63 pmol nmol™?; Figure
6d), increased in the PFZ (2.35 + 0.21 pmol nmol; Figure 6e) and was highest in the AAZ (4.78 + 1.64
pmol nmol*; Figure 6f). Our winter pZn/Psm. slope of 4.78 + 1.64 pmol nmol™ in the AAZ was
comparable to a summer slope of 3.00 = 0.90 pmol nmol* measured in the AAZ (Barrett et al., 2018).

Considering that P-normalised cellular Zn quotas in phytoplankton range by a factor of 20 (1 — 20 mmol
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(mol P); Twining and Baines, 2013), the strong zonal differences in dZn-PO, and pZn-P systematics
are partly driven by variations in the local phytoplankton community. During our transect, there was a
shift from a flagellate dominated phytoplankton assemblage in the STZ and SAZ to a diatom dominated
assemblage in the AAZ with a significant contribution from both groups in the PFZ (Weir et al., in
revision). Consistent with our data, Southern Ocean flagellates are characterised by P-normalised
cellular Zn quotas which are 4 - 5 times lower compared to those measured in Southern Ocean diatoms
(Twining and Baines, 2013). Furthermore, pZn/Pmin ratios were 1.08 £ 0.27, 2.14 + 0.46 and 4.90
0.43 pmol nmol*in the STZ + SAZ, PFZ and AAZ respectively (Figure 6d - f), and were therefore very
similar to pZn/PsmL. While remineralisation is likely taking place within the SML, the tight correlation
between pZn/Psm. and pZn/Premin SUggests that a significant portion of sinking phytoplankton cells were
exported and remineralised together below the winter mixed layer as suggested previously for the
Southern Ocean (Sieber et al., 2019; Twining et al., 2014; Vance et al., 2017). In sum, we suggest that
the dZn and PO4 uptake characteristics in each zone (STZ + SAZ, PFZ and AAZ) are a reflection of the
local phytoplankton community, that the uptake signatures are reflected in the particulate phases and
that the particulate phases are exported in a near proportional manner below the winter mixed layer.

4.3.2 Zonal trends in dZn — Si(OH)4 and pZn - bSi systematics

We gain further insights into Zn cycling by investigating the relationship between dZn - Si(OH). and
pZn - bSi (Figure 7). Because Si(OH). and bSi in open ocean settings are largely controlled by diatoms,
we focus on the PFZ (where diatoms contribute significantly to phytoplankton biomass) and the AAZ
(where diatoms dominate phytoplankton biomass). Despite the close correlation between dzZn and
Si(OH)4 over the whole dataset (r> = 0.92; n = 120), there were slight differences between dZn/Si(OH)4
smL uptake ratios for stations in the PFZ and AAZ. dZn/Si(OH)4 sm was 0.11 nmol pumol™ at 48°S in
the PFZ (Figure 7a) and ranged between 0.05 nmol pmol™* (58°S) and 0.18 nmol pmol (56°S) in the
AAZ (Figure 7b). While no obvious latitudinal trend was observed, dZn/Si(OH), sm. ratios co-varied
with pZn/bSism.. Here, pZn/bSism at 48°S (PFZ) was 1292 pmol pumol? (Figure 7c), intermediate
between values of 583 pmol umol (58°S) and 1559 pmol pmol™ (56°S) in the AAZ (Figure 7d). This
suggests that the ratio in which diatoms utilise dZn and Si(OH) is well represented by their cellular
composition. Changes in Zn uptake may be related to the incorporation into diatom frustules. Culture
experiments showed that the Zn content of diatom frustules is negligible (1 - 3%; Ellwood and Hunter,
2000), however, recent work suggests this value could increase to 30% under Fe-limitation (Ellwood et
al., 2018). Indeed, surface dissolved iron (dFe; ~ 0.1 nmol kg™; analysed concurrently with dZn) in the
AAZ was potentially bio-limiting, providing a possible mechanism linking dZn/Si(OH), uptake to
pZn/bSi incorporation by diatoms. In sum, our data suggests that dZn cycling is intimately linked with

Si(OH). despite the lack of spatial association within diatom cells i.e. dZn being associated with PO, in
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the organic material of phytoplankton cells and Si(OH)4 being used to build the siliceous external

diatom frustules.
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Figure 6. Scatter plots of a) dZn vs POg4 in the STZ + SAZ, b) dZn vs POg in the PFZ, c) dZn vs PO4 in the AAZ, d) pZn vs P
in the STZ + SAZ, e) pZn vs P in the PFZ and f) pZn vs P in the AAZ. Each plot represents data from the full water column.
Plots are overlain with seawater density (o; kg m™®). Dashed lines represent the slope of correlation derived from the surface
mixed layer (SML) or the depth interval between the SML and the remineralisation depth (remin). Figure constructed using
Ocean Data View (ODV: Schlitzer. 2017).
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Figure 7. Scatter plots of a) dZn vs Si(OH)4 in the PFZ, b) dZn vs Si(OH)4 in the AAZ, ¢) pZn vs bSi in the PFZ and d) pZn vs
bSi in the AAZ. Each plot represents data from the full water column. Plots are overlain with seawater density (o; kg m).
Dashed lines represent the slope of correlation derived from the surface mixed layer (SML). Figure constructed using Ocean
Data View (ODV; Schlitzer, 2017).

4.3.3. Upwelling and lateral transport of Zn signatures

We have shown that diatoms in the PFZ and AAZ play a significant role in Zn cycling as a result of
their strong preferential requirements for dZn relative to PO4 in comparison to other phytoplankton
groups. Considering only biological uptake, this would suggest that surface waters dominated by
diatoms should be depleted in dZn, however dZn in the SML increased southwards and was highest in
the AAZ (2.84 - 3.66 nmol kg™) where diatoms were most abundant. The strong surface dZn gradient
was likely the result of upwelling of dZn-enriched UCDW to near surface in the AAZ. UCDW had a
high mean dZn:PO, spot ratio which increased southwards in the AAZ, from 2.54 — 3.00 nmol pmol=.
The net result of upwelling UCDW is the progressive enrichment of surface water dZn with latitude.

The source of the ‘excess’ dZn relative to PO4 was predominantly from the remineralisation of particles
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with high pZn:P spot ratios which, in turn, was set by the high dZn/PO4 uptake stoichiometry of diatoms
within the SML.

When considering the physical water mass circulation pattern in the Southern Ocean, it is clear that the
influential role that diatoms play in dZn and Si(OH). cycling extends beyond the surface waters in
which they are found and provides a plausible reason for the global similarity between dZn and Si(OH).
distributions. Here, our observations build on the initial hypothesis (Vance et al., 2017) and more recent
works on dZn cycling in the Southern Ocean (Sieber et al., 2020; Janssen et al., 2020). To elaborate,
the net result of biological uptake by diatoms in the AAZ are surface waters that are depleted in dZn
and Si(OH). with respect to POa. Physical circulation dictates that the resulting dZn and Si(OH)a
deficient surface waters are transported northwards across the APF (Figure 8a). Furthermore, a portion
of the northward flowing surface water subducts in the PFZ and SAZ, forming SAMW with inherently
low dZn and Si(OH)4 concentrations relative to PO4 (Figure 8b). Considering that SAMW is the main
communication channel to the global low latitude ocean (Sarmiento et al., 2004), the northward
transport of SAMW provides a likely mechanism for the observed dZn and Si(OH). depleted waters of
the low latitude upper ocean. Critically, our particulate data suggest that diatoms are exported below
the winter mixed layer where remineralisation and rigorous mixing would resolve the deep water dZn

- Si(OH)4 correlation despite their different regeneration length scales (Vance et al., 2017).
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Figure 8. Plot of a) average dZn, PO4 and Si(OH)4 in the surface mixed layer (SML) at each station. The location of the
Antarctic Polar Front (APF) is shown. b) Scatter plot of showing the low dZn/PO4 and Si(OH)4/POs signatures of Sub
Antarctic Mode Water (SAMW; 12 - 15°C; Anilkumar et al., 2006). Points enlarged for samples within SAMW and coloured
according to the temperature scale. Figure constructed using Ocean Data View (ODV; Schlitzer, 2017).

4.4. Inhibited mixing south of the Indian ridge

Highest concentrations of dZn were measured in deep waters south of the mid-Ocean ridge (hereafter
Indian ridge). At 50°S and 56°S dZn was 9.07 + 0.06 (n = 2) and 8.27 + 0.18 nmol kg (n = 2) below
3000 m respectively. While dZn data for bottom waters in the Southern ocean is extremely limited, our

concentrations appear higher compared to average values of 7.25 + 0.58 nmol kg (n = 6; Zhao et al.,
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2014). In addition, dZn measured below 3000 m at stations north of the Indian ridge was 6.84 + 0.23
nmol kg? (n = 4). The high dZn south of the Indian ridge was associated with the highest measured
Si(OH)4 (129 £ 2 umol kg?) suggesting that the resuspension of opal-rich sediment may be contributing
to elevated dZn and Si(OH), as observed in the South Atlantic (Wyatt et al., 2014). While the deepest
sampled depth at 50°S was in close proximity to the surface of the southern flank of the Indian ridge,
resuspension of opal rich sediment is unlikely at 56°S where the deepest sampled depth (3500 m) was
well above the seafloor depth (~5500 m; Figure 4a). Instead we propose that inhibited mixing to the
south of the Indian ridge may increase the residence time of ‘true’ AABW thereby allowing for the
accumulation of dZn and Si(OH). and other nutrients with deep regeneration cycles. Importantly, the
long residence time of dZn, between 3000 - 11000 years (Little et al., 2014; Roshan et al., 2016) and
Si(OH)4 (~ 10000 years; Tréguer and De La Rocha, 2013) in the ocean, longer than the timescales used
to measure oceanic overturning circulation (centennial timescales; Matsumoto, 2007), support the idea
of nutrient accumulation in bottom waters. True AABW refers to AABW in the absence of any mixing
with watermasses directly above. True bottom waters in this region have been shown to not extend
northward past the Indian ridge (Anilkumar et al., 2006) and that deep waters north of the Indian ridge
are instead an altered variety of LCDW resulting from diapycnal mixing between true AABW and
LCDW (Mantyla and Reid, 1995). In an effort to further validate these observations, we performed an
optimum multiparameter (OMP) analysis which computes the contributions of pre-defined end-member
water masses to each measured sample. Consistent with our hypothesis, results of the OMP suggest that
samples below 3000 m south of the Indian ridge are composed predominantly of AABW, up to 80% at
the deepest sampled depth (Figure 9). It therefore appears plausible that inhibited mixing and increased
residence times of deep waters south of the Indian ridge may contribute to elevated dZn and Si(OH).
concentrations in this region. We do however acknowledge that more deep water measurements are

necessary to confirm this.
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Figure 9. Results of the optimum multiparameter analysis (OMP) optimised for resolving the contribution of Antarctic Bottom
Water (AABW) to each measured sample. Figure constructed using Ocean Data View (ODV; Schlitzer, 2017). Dots represent
depths sampled. Data displayed using weighted average gridding.
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5. Conclusion

For the first time, winter measurements of dissolved zinc (dZn) and particulate zinc (pZn) are presented
along the 30°E longitude in the Indian sector of the Southern Ocean. The results provided the unique
opportunity to investigate Zn cycling over seasonal cycles and to gain insights into the Southern Ocean
winter reset state. In the SML, winter dZn was higher compared to summer measurements (derived
from previously published datasets), consistent with reduced biological uptake by phytoplankton. In
addition, waters below the summer mixed layer and with higher dZn:PO, spot ratios may be entrained
during winter leading to preferential resupply of dZn to summer surface waters. While biological
activity may be reduced in winter, our data suggest that biological uptake and regeneration remain key
controls of Zn in the upper ocean. At all stations, dZn was lowest in the SML and increased with depth.
Conversely, pZn was highest in the SML and decreased below the SML. The vertical behaviours of
both dZn and pZn are consistent with biological uptake in surface waters and remineralisation in the
sub surface. Furthermore, we observed distinct differences in Zn cycling across the various Southern
Ocean zones. Slope values of dZn and PO, in the SML (dZn/PO4 smi) increased 7-fold between the STZ
and AAZ reflecting the preferential requirement of dZn relative to PO4 by diatoms in the AAZ.
Variations in dZn/PO. smi Were reflected in the particulate phase data where slope values of pZn and P
in the SML (pZn/PsmL) increased southward in a similar fashion to dZn/PQO4swmi. Furthermore, extending
our pZn/Psmi calculation to the remineralisation zone (pZn/Premin) suggests that sinking phytoplankton
cells are exported beneath the winter mixed layer with implications for resolving the deepwater dZn-
Si(OH)4 correlation (Vance et al., 2017). dZn and Si(OH)4 as well as pZn and bSi were well correlated
over the whole dataset. However minor deviations were observed in the SML within the PFZ and AAZ
and related to diatom uptake. The preferential uptake and regeneration of diatoms with high Zn content
combined with the physical upwelling of water masses in the AAZ resulted in the strong southward
increase in surface dZn. Consequently, surface waters flowing north and contributing to the formation
of SAMW, were characterised by dZn and Si(OH). depletion relative to PO4 which ultimately has
potential consequences for low latitude Zn cycling. Lastly, inhibited mixing leading to increased
residence times of bottom waters south of the Indian ridge may partly explain the elevated dZn and

Si(OH). in comparison to deep waters to the north of the Indian ridge.
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Chapter 5
Synopsis

1. Summary and key contributions

Understanding the processes responsible for controlling the distributions of key trace metals is critical
given their importance as micronutrients in the marine food web. Trace metal micronutrients serve
essential roles in the metabolic and photosynthetic functioning of phytoplankton and their availability
in the surface ocean has been shown to influence phytoplankton productivity and community
composition (Sunda, 2012; William G. Sunda, 1989; Viljoen et al., 2019). Considering that
phytoplankton drive carbon export, the distribution of micronutrients plays an important role in the
functioning of the biological carbon pump. Thus far, the vast majority of investigations into trace metal
cycling have been conducted in the spring/summer months (Schlitzer et al., 2018) when conditions
theoretically favour phytoplankton growth. To date, only a handful of winter trace metal measurements
have been published (e.g. Ellwood, 2008) thus our understanding of trace metal cycling over key
seasonal transitions is extremely limited. This knowledge is particularly important in polar ocean
settings i.e. the Southern Ocean, where seasonality is most pronounced and large environmental
fluctuations are expected as a result of climate change (Deppeler and Davidson, 2017). To address these
knowledge gaps, multiple expeditions were conducted in the Southern Ocean, where measurements of
copper (Cu), zinc (Zn), nickel (Ni) and cadmium (Cd), key trace metal micronutrients, were made over
biologically contrasting seasons (summer vs winter). In doing so, a number of significant contributions
were made to the scientific community. First winter measurements of dissolved (0.2 um filtered
seawater) copper (dCu), zinc (dZn) and nickel (dNi) were presented from the Atlantic sector of the
Southern Ocean (46° - 54°S; 0°) and compared to the respective summer measurements (46° - 68°S; 0°)
which in turn, represented the first summer dNi data from this transect. In the Indian sector of the
Southern Ocean (41° - 58°S; 30°E), first winter measurements of dissolved and particulate (0.45 um
filter paper) Zn and Cd provided the foundation to further investigate winter trace metal cycling and

also the export of their particulate phases to the sub surface ocean.

The data presented in this thesis indicates that, in the Atlantic sector of the Southern Ocean, the winter
season is characterised by reduced trace metal requirements by phytoplankton compared to
spring/summer periods and augmentation through remineralisation in deep winter mixed layers.
Correspondingly, trace metal concentrations in the biologically active mixed layer were higher in winter
and showed greatest seasonal differences at higher latitudes in the Antarctic Zone (AAZ) of the
Southern Ocean. In addition to reduced biological uptake during winter months, several factors

including phytoplankton adaption strategies to seasonal light regimes, limitation of productivity by
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other nutrients e.g. iron (Fe) and seasonal differences in zooplankton grazing habits are also likely to
contribute to the observed trace metal seasonality. It is important to note that while biological activity
might be reduced, the winter Southern Ocean is far from biologically dormant as previously
hypothesized (Nelson and Smith, 1991). Further, the Southern Ocean reset state was characterised by
deep mixed layers in winter compared to summer. For example, at the Antarctic Polar Front (APF), a
particularly productive region in summer, the winter mixed layer was ~200 m deep, roughly double that
of the comparative summer season. By comparing differences in trace metal inventories within the
respective seasonal mixed layers, our data suggested that mixing of nutrient depleted summer surface
waters with more enriched sub-surface waters i.e. deep winter mixing, could potentially resupply Cu,
Zn and Ni to the surface ocean constituting an important supply mechanism for the initiation of spring

phytoplankton blooms and maintenance of productivity throughout the summer season.

A subsequent winter expedition to the Indian sector of the Southern Ocean, with higher sampling
resolution and the measurement of both dissolved (dCd, dZn) and particulate (pCd, pZn) phases,
allowed for a more detailed investigation into processes controlling the distribution and biogeochemical
cycling of these micronutrients. In agreement with observations in the Atlantic sector, our data suggest
that biological uptake of dCd and dZn in surface waters, and remineralisation in the sub surface, play a
major role in driving winter trace metal cycling. In addition, we observed distinct differences in Cd and
Zn cycling within the various biogeochemical zones sampled along the transect. Of particular
importance is the strong preferential uptake and assimilation of Cd and Zn, relative to the major nutrient
phosphate (PO4), by diatoms in the AAZ. The northward transport of the resulting Cd and Zn depleted
surface waters significantly impacts trace metal cycling north of the Antarctic Polar front (APF) and
has potential implications for low latitude trace metal supply via the northward flow of Sub Antarctic
Mode Water (SAMW). The combined effect of preferential uptake and regeneration of diatoms with
high Cd and Zn content and the upwelling of water masses at higher latitudes results in high surface
dCd and dZn in the AAZ. Furthermore, Zn distributions are intimately related with those of silicic acid
(Si(OH)4) and biogenic silica (bSi), implicating diatoms as key controllers of their biogeochemical
cycling. Overall, these results suggest that Cd and Zn distributions in the Southern Ocean are
significantly impacted by winter phytoplankton communities and highlights the combined effect of

ocean biogeochemistry and physical water mass circulation as key drivers of their cycling.

2. Recommendations and future work

By exploring the biogeochemical cycling of key trace metals in different seasons, the research presented
in this dissertation has contributed toward a better understanding of trace metal seasonality. It has also

however, highlighted a number of areas that future research should aim to address.
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The distributions of trace metals presented here represent snapshot scenarios of the biogeochemical
status of the ocean. In reality the ocean is a highly dynamic ecosystem and a much higher temporal
resolution is necessary to capture processes occurring on timescales of hours to days. Of particular
relevance here is the impact of intense storm activity on mixed layer dynamics (Swart et al., 2015) and
the potential for increased turbulence to temporarily enhance trace metal supply to the upper surface
water through deeper mixing with nutrient enriched subsurface water masses. In addition, expanding
sampling efforts to also include spring and autumn seasons, particularly at the time of seasonal
transition, will enable a more complete understanding of seasonal trace metal cycling. While advanced
biogeochemical models have become useful tools in predicting trace metal seasonal cycling on regional
scales (e.g. Tagliabue et al., 2014), they lack the ability to reproduce field observations at finer scales
and highlight the need for field observations that are directed toward smaller meso- and sub-mesoscale
processes. For example, mesoscale eddies, prominent in the Southern Ocean (Swart et al., 2008), show
evidence of distinct trace metal cycling within their cores and may transport these signatures large
distances as shown recently for the trace metal Fe (Ellwood et al., 2020). However our understanding
of how these eddies influence the cycling Cu, Zn, Ni and Cd is extremely limited, particularly when
eddies cross frontal zones and enter contrasting biogeochemical domains compared to their origin. Akin
to eddy activity, little attention has been given to the potential role of melting seasonal ice and icebergs
in supplying to trace metals to high latitude Southern Ocean surface waters. Considering future climate
driven changes to polar environments (Deppeler and Davidson, 2017), increased ice and iceberg melting
are anticipated to drive changes in trace metal supply and productivity in the Southern Ocean as shown
for Fe (Hopwood and Cantoni, 2017; Lannuzel et al., 2016). In terms of sub-mesoscale processes, the
recent use of trace metal isotopic data has proved extremely useful in understanding processes at the
cellular uptake scale (Abouchami et al., 2014; Zhao et al., 2014) and highlights the advantages of using

multi-parameter datasets particularly in regions as diverse as the Southern Ocean.

The difficulty in capturing higher spatial and temporal resolution trace metal measurements lies in a
host of challenges including the rigorous sample collection protocols, ship time, research cost and
manpower. The development of autonomous observing systems for micronutrient trace metals (see
review by Grand et al., 2019) may provide the key to addressing current knowledge gaps. Already, the
application of autonomous technologies such as gliders have proven effective in capturing physical and
biological properties in the upper ocean at unprecedented spatial and temporal scales (du Plessis et al.,
2017; Little et al., 2018). Future efforts should include working with the engineering and robotics
industries to develop infrastructure that combines the analytical requirements and robustness necessary

for deployment in highly variable and remote marine environments.
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This appendix contains a detailed description of the methodology employed in order to produce the
dissolved trace metal data presented in Chapters 2, 3, 4. The method can be separated into two major
components namely the seawater sample collection and the seawater analysis. The analytical
complexities associated with trace metal geochemistry are notorious. Implementing this particular
methodology for the first time on South African soil necessitated the need for a full method validation.
The work described in this appendix was not solely my own and represents equal contributions from

myself and fellow PhD candidate Jean Loock.
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1. Introduction

Understanding the biogeochemical cycling of trace metals in marine systems has proven paramount
given their importance as micronutrients, toxins, tracers of anthropogenic input and potential
paleoproxies. It is well established that Manganese (Mn), Iron (Fe), Cobalt (Co), Nickel (Ni), Copper
(Cu), Zinc (Zn) and Cadmium (Cd) play essential roles in the metabolic functioning of marine
phytoplankton (Bruland et al., 1991; Frew et al., 2001; Moffett and Ho, 1996; Sunda and Huntsman,
1995) Conversely, elevated levels of certain metals, e.g. Cu and Cd, can be toxic to individual
phytoplankton species (Brand et al., 1986). Lead (Pb), while not recognised as a bioactive trace metal,
has demonstrated usefulness as a tracer of anthropogenic inputs (Boyle et al., 2014). Similarly, Mn and
Fe are useful tracers of hydrothermal and riverine inputs, as well as redox cycling (Klunder et al., 2011;
Middag et al., 2011). Thus, the initiation of current collaborative platforms such as the GEOTRACES
program, and its precursor programs e.g. JGOFS (joint global ocean flux study) and WOCE (world
ocean circulation experiment), have proved central to our progressive understanding of biogeochemical
cycles whilst also providing a framework for collaborative reporting. The Centre for Trace Metal and
Experimental Biogeochemistry (TracEx) at Stellenbosch University was developed to lead South
Africa’s contribution to the global ocean database. However, given the analytical difficulties associated

with marine trace metal chemistry, data contribution requires the full validation of the scientific method.

Analytical difficulties arise from the seawater matrix and the resultant polyatomic interferences,
triggered by the presence of mmol kg* concentrations of cations (e.g. Na*) and anions (e.g. Cl"), as well
as instrument capabilities in detecting ultra-low trace metal concentrations in open ocean samples
(Milne et al., 2010). Fortunately, recent advancements in the field of analytical chemistry have resulted
in the availability of numerous methods with the required sensitivity to measure the inherently low
(nmol kg to pmol kg?) concentration ranges exhibited by trace metals in the open ocean. To
circumvent matrix derived issues, modern techniques employ a preconcentration step to separate the
seawater matrix from the trace elements prior to quantification. Separation and preconcentration
methods include solvent extraction (Bruland and Franks, 1979), co-precipitation with magnesium
hydroxide (MgOH_; Wu and Boyle, 1997) and solid phase extraction (SPE) using a suitable chelating
resin (Wells and Bruland, 1998). While solvent extraction is extremely labour intensive, co-
precipitation methods have shown severe matrix effects at high salinities (Komjarova and Blust, 2006).
Recently, the SPE technique using the automated seaFAST preconcentration system has been employed
with great effect (Jackson et al., 2018; Rapp et al., 2017). SPE involves a high affinity metal chelating
resin column designed to separate metal ions from their seawater matrix. A variety of chelating resins,
each containing various functional groups, are available however some of these resins, such as the silica-
immobilized 8-hydroxyquinoline (8-HQ), must be synthesized from scratch and are therefore not

commercially available (Mclaren et al., 1985). Commercially available resins containing the

116



Stellenbosch University https://scholar.sun.ac.za

Appendix A

nitriloacetate (NTA) (Lee etal., 2011) and iminodiacetic acid (IDA; (Ho et al., 2010; Milne et al., 2010)
functional groups have proved successful in the metal extraction procedure. Several more recent studies
have, to great effect, used a chelating resin containing the IDA functional group in combination with
the ethylenediaminetriacetic acid (EDTriA) functional group in the simultaneous multi-element
extraction of trace metals from seawater (Jackson et al., 2018; Minami et al., 2015; Quéroué et al.,
2014).

Similarly, numerous methods have been employed in the quantification of trace metals e.g. Flow
Injection Analysis (FIA; Bowie et al., 1998; Croot and Laan, 2002), Cathodic Stripping Voltammetry
(CSV; Colombo and van den Berg, 1997; Saito and Moffett, 2001), Graphite Furnace Atomic
Adsorption Spectrometry (GFAAS; Kingston et al., 1978) and spectrophotometry (Blain and Tregeur,
1995; King et al., 1991). However, many of the methods are constrained by single element
determination and lack the required sensitivity and reproducibility essential in trace metal analysis.
Consequently, variations of mass spectrometry including Inductively coupled plasma mass
spectrometry (ICP-MS), have proven attractive as these methods combine simultaneous multi-element
detection capabilities with the sensitivity required for extremely low analyte signals (Jerez VVegueria et
al., 2013; Rahmi et al., 2007). Historically, the major drawback of this technique was the occurrence of
spectral interferences on the analyte signal (Tan and Horlick, 1986). In order to mitigate the
interferences, more advanced mass spectrometers have been developed and applied with great success
e.g. Sector-Field (SF) ICP-MS (Minami et al., 2015; Quéroué et al., 2014; Rapp et al., 2017),
Multicollector (MC) ICP-MS (De Jong et al., 2012; Takano et al., 2017) and ICP-tandem mass
spectrometry (ICP-MS/MS) (Jackson et al., 2018). For SF ICP-MS, by operating the instrument at a
higher mass resolution (e.g. R = 10 000), the analyte can be separated from interfering ions that have
the same nominal mass yet small differences in their exact masses (e.g. *°Ar*0* and ¢Fe*) (Balcaen et
al., 2015). A major drawback of this method is the decreased ion transmission, and hence instrument
sensitivity, with increasing mass resolution (Jakubowski et al., 1998). By using multiple collectors
(Faraday cups), MC ICP-MS can simultaneously detect a range of isotopes, eliminating sources of
uncertainty common to quadrupole based instruments that arise from sequential isotope scanning
(Moldovan et al., 2004). This variation of ICP-MS is however highly susceptible to instrumental mass
bias (Walczyk, 2004). Traditionally, standard quadrupole ICP-MS instruments lacked the ability to
completely remove interferences on the analyte signal. Improvements saw the original quadrupole
instrument fitted with a collision/reaction cell (CRC) (Tanner and Baranov, 1999) e.g. an octopole
collision cell (Yamada et al., 2002). Instruments fitted with a CRC rely on gas phase reactions within
the pressurised cell, as opposed to collision-induced dissociation for the other methods. Two types of
gas phase reactions are responsible for removing interferences. Firstly, the reaction of the analyte and/or
interfering ion(s) with a reactive gas (e.g. Hz; Feldmann et al., 1999), and secondly, a collision reaction

between the ions and a non-reactive gas (e.g. He; Yamada et al., 2002). Both reaction types take place
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in combination with Kinetic Energy Discrimination (KED), an added means of controlling cell-formed
interferences and reducing polyatomic ion interferences (Yamada, 2015). By applying a decelerating
potential across the cell, KED is able to separate the polyatomic ions based on their greater energy loss
during the collision when compared to the analyte ions. The addition of a CRC to ICP-MS instruments
is a simple, cost effective technique in the field of marine trace metal geochemistry. More recent
advancements have seen the addition of an extra quadrupole (ICP-MS/MS) before the CRC giving the
operator more control over the reactions taking place in the cell (Balcaen et al., 2015). The added

complexity of ICP-MS/MS instruments however means they are extremely expensive.

Presented here is a rapid and economical method for the precise, simultaneous determination of Mn,
Fe, Co, Ni, Cu, Zn, Cd and Pb in seawater. The method combines the commercially available seaFAST
preconcentration and matrix removal module, with a single quadrupole ICP-MS for the offline
quantification of trace metals. Validation of the method’s accuracy and precision was achieved by

analysis of SAFe and GEOTRACES inter-comparison samples and internal seawater reference material.

2. Analytical Methods
2.1. Reagents and Materials

All plastic ware, containers and sample bottles used for the storage of seawater and reagents were
extensively acid cleaned according to strict protocols outlined by GEOTRACES. Cleaning consisted of
soaking in Extran® (Merck) alkaline detergent for 1 week, 6M HCI (reagent grade, uniLAB®, Merck)
for 1 month and 1M HCI (Suprapur®, Merck) for 1 month. Ultra-high purity water (UHPW), produced
with the Milli-Q® Advantage A10 system (Millipore), was used to rinse sample bottles in between
cleaning stages. An ammonium acetate buffer solution (pH = 6.0 £ 0.2) was prepared from ammonium
hydroxide (25% diluted to 22% NH4O0H; Suprapur®, Merck) and glacial acetic acid (100%
CH3COOH; Suprapur®, Merck). The eluent was prepared using nitric acid (60% HNO3; Ultrapur®,
Merck). All reagents were prepared in UHPW inside a fume hood housed within a class 100 clean
laboratory. Seawater samples were collected and stored in 125 ml low density polyethylene (LDPE)
bottles. Aliquots of seawater were transferred into 14 ml polypropylene (PP) Falcon™ tubes (Fischer

Sci.) prior to preconcentration.
2.2. Automated Preconcentration using seaFAST module

A commercially available seaFAST-pico SC-4 DX module (Fig. 1, Elemental Scientific Inc.) was used
to strip the seawater samples of their bulk seawater matrix via solid phase extraction (SPE). The
preconcentration module is an ultra-clean, automated, low-pressure ion chromatography system capable
of picogram L detection limits. Samples were introduced into the manifold via a combined sample
probe (1.0mm inner diameter) and vacuum pump system. The S400V syringe pump controlled four

syringes (S1, S2, S3 and S4) dedicated to reagent distribution while their flowpath was controlled by
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the FAST DX 3 valve module. The seaFAST module includes a metal chelating resin column (200 puL
bed volume; 20 pEQ column capacity) comprising ethylenediaminetriacetic acid (EDTriA) and
iminodiacetic acid (IDA) functional groups immobilized on a hydrophilic methacrylate polymer (60

pm bead diameter). The system was pressurized using clean air (99.999% O,; Air Products).

The closed system was set up in a class 100 clean lab and controlled using the ESI software and
protocols. Ultrapure Sodium Chloride (3% NaCl, Elemental Sci.) was used to condition the resin
column prior to preconcentration of an internal control and subsequent samples. Samples were
preconcentrated in the offline configuration mode. Here, 10 ml of acidified seawater was vacuum
pumped to fill the sample line while a syringe pump filled the buffer line. The sample was then buffered
and pumped across the resin column, chelating the metal ions while washing the matrix ions from the
column. The chelated metal ions were eluted into acid cleaned Falcon™ tubes during 4 elution cycles
for a final elution volume of 250 uL, achieving a preconcentration factor of 40. This enabled picogram
per litre detection limits whilst minimising sample preconcentration time to 20 minutes per sample.
After each sample, the probe was rinsed in a 2% HNOj; (Ultrapur®, Merck) solution followed by
UHPW.

SC-DX FAST
Waste Autosampler

Elute
Acid

]

S400V
Syringe
Pump

Carrier Buffer Elute
Acid

Figure 1. Schematic illustration of the seaFAST (SX-4) preconcentration system. 10 ml of seawater is taken up by the probe,
located on the autosampler, which is controlled by the S400V vacuum syringe pump. The sample is buffered before it is pumped
through the metal chelating resin column. The chelated metal ions are then eluted from the resin column with an elution acid,
in low volumes (250 pl), into acid cleaned falcon tubes via the sample probe. Figure taken from the ESI SC-4 DX manual.
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2.3. ICP-MS

Sample analysis was performed on an Agilent 7900 quadrupole Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) with operating conditions outlined in Table 1. The instrument was optimized
for sensitivity and low oxide ratios (<0.3%). Due to the small sample volume (250 ul), samples were
introduced using a low flow self-aspirating PFA nebulizer with a flow rate of ~0.2 pl min. Isotopes of
Mn®5, Co®, Ni%, Cu3, Zn®, Cd™!, Cd™2 and Pb?*® were measured using the Agilent Octopole Reaction
System (ORS) in He collision mode, while Fe®® was analysed in H, reaction mode, to eliminate plasma
and matrix-based interferences; though the latter was extensively reduced by using the ESI seaFAST

system to remove the seawater matrix.

The instrument was calibrated using a custom blend ICP-MS multi-element standard (MES) from
Inorganic Ventures, containing only metals and no alkali ions, and verified with the IV-28 MES
standard from Inorganic Ventures. All standards and controls were prepared in 2% HNO; (Ultrapure®,
Merck); having the same matrix as eluted seaFAST samples. A 4-point calibration curve was
constructed over a wide concentration range using: 0 ppb, 1 ppb, 10 ppb and 20 ppb concentrations.
Instrument detection limits (DL) were determined from 10 blank measurements and calculated as (blank

+ 3oblank)/sensitivity.

Online internal standard addition for drift correction was not possible using the self-aspirating nebulizer.
Analysis was therefore carried out in a standard sample bracketing format by running the MES
calibration standard every 6 samples. Where drift exceeded 5% relative to the starting concentration of
the MES for a specific element, a drift correction was applied using the formula: 2*ConcMES_start/
(ConcMES _a + ConcMES_b)*ConcSample, where a and b are the MES before and after each set of 6
samples. The instrument was re-calibrated if the drift exceeded 20%, or after 4 hours of instrument run
time. To reduce contaminant risk, preconcentrated samples were opened + 5 seconds prior to

autosampler probe uptake.

Table 1. Agilent 7900 ICP-MS instrument parameters.

ICP-MS operating parameters

Nebulizer 200ul PFA
Skimmer cone Ni plated
Sensitivity >10° cps/ppm at <2% CeO
RF power (W) 1600
Carrier gas (L min?) 0.90
Sample probe depth (mm) 10
Make-up gas (L min) 0.25
He gas flow (ml min) 4.50
H. gas flow (ml min™) 6
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2.4. Reference Materials
2.4.1. GEOTRACES and NASS

The accuracy of the method was evaluated using the community verified SAFe (D2-98) deep ocean
GEOTRACES reference material (RM) collected during the 2004 Sampling and Analysis of Fe (SAFe)
intercalibration cruise. Accuracy was also verified using the commercial NASS-7 (National Research
Council, Canada) certified reference material (CRM). Additionally, the GEOTRACES RM’s, GSP (62)
and GSC (1-19), collected during the 2009 GEOTRACES North Pacific Intercalibration cruise, were
analysed.

2.4.2. Internal Controls

Given the scarcity of community RM’s and their low volumes, the TracEx lab developed two internal
seawater controls namely: Trace Metal 4 (TM4A) and Winter Indian Southern Ocean Standard
(WISOS). The TM4A control constitutes bulk seawater collected from the surface at 36°S; 13°E during
the SANAE 54 cruise whilst the WISOS control was collected from surface waters at 55°S; 28°E during
the 2017 Indian Ocean cruise. Seawater was filtered through a 0.2 um filter (see section 2.8 for details)
into acid cleaned 20L LDPE containers. Sub-samples (1 L) of the bulk seawater were then acidified
(pH = 1.7). A “calibrated” mean concentration was established for all trace metals by replicate analysis
(n = 10) of the internal controls in conjunction with the GEOTRACES RM’s and NASS CRM. The
internal controls were subjected to the same analytical methods as the field seawater samples and
inserted at regular intervals (12 samples) during preconcentration and analysis of samples. Given the
similarity to field samples the controls were ideal proxies to monitor the precision and repeatability of
the method in its entirety. Additionally, the IV-28 MES (not subjected to preconcentration) was inserted
at 6 sample interludes during ICP-MS analysis functioning as a quality control (QC) check for the

instrument during ICP-MS analysis.
2.5. Blanks

The method blank incorporates the potential contribution of the reagents, materials, instrument
manifolds and arbitrary incidents, to the field sample. This was quantified by preconcentrating 10ml of
Milli-Q using the same analytical technique employed for field samples. The instrument (ICP-MS)
blank was quantified by introducing a solution of 2% HNOs (identical to the seaFAST eluent) in Milli-

Q without the preconcentration step.

2.6. Recovery and Carry Over

The recovery of the seaFAST resin was quantified through replicate analysis of a preconcentrated
internal control, with and without the addition of a 200 ppt multi-element spike (Inorganic Ventures
IV-28). The internal control used was the Winter Indian Southern Ocean Standard (WISOS).
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Furthermore, the relatively high trace metal concentrations in the NASS 7 CRM permitted the
evaluation of method (resin or ICP-MS) carry over at concentrations in excess of one order of magnitude
greater than the working field sample. Here, results from the analysis of the TM4A internal control
samples that were preconcentrated prior to, and post NASS 7 on the seaFAST module, and analysed in

the same order, were compared.

2.7. Sample Collection

Seawater samples were collected along the Cape Town-Antarctica transect using twenty-four 12L
Teflon coated GO-FLO bhottles (General Oceanics) mounted on a GEOTRACES compliant CTD rosette
(Figure 2a). A vertical depth profile sampling method was executed according to GEOTRACES
compliant clean protocol (Cutter and Bruland, 2012). Directly upon recovery of the rosette, the GO-
FLO bottles were transported into a class 100 clean lab for sub-sampling (Figure 2b). Samples for
dissolved trace metal determination were collected in 125 ml acid-cleaned, Nalgene™ (Thermo
Scientific™) LDPE bottles after online filtration through 0.2 pm Acropak™ Capsule (Supor® 500)
filters under slight N gas (99.999% N, BIP technology) assistance (Figure 2c). Samples were acidified
(pH=1.7) on-board under a class 10 laminar flowhood using hydrochloric acid (HCI, Ultrapur®, Merck)

and stored for later analysis in Stellenbosch, South Africa.

3. Results

3.1. ICP-MS Performance
3.1.1. Blanks and Detection Limits

Instrument (ICP-MS) blanks, method blanks and detection limits are compiled and compared to
previous methods in Table 2. The ICP-MS instrument blanks were below the detection limit for all
elements except Ni (0.024 nmol kg™?) and Zn (0.070 nmol kg?). The method blank contribution was
guantified at picomolar (e.g. Cd) or sub-picomolar (e.g. Mn, Fe, Co, Ni, Cu, Zn and Pb) levels,
contributing between 0.20% (Cd) and 4.28% (Fe) of the typical open ocean concentrations presented in

Sohrin et al., 2008. Similarly, detection limits for all metals were at sub-picomolar concentrations.
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Figure 2. A) removal of shower caps from GO-FLO bottles before the rosette is launched. B) transportation of GO-FLO
bottles to and from the on-board class 100 clean lab. Note the PVC lining enclosing the GO-FLO bottles. C: filtering (0.2 um)
seawater for the determination of the dissolved trace metal fraction.
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Table 2. Observed instrument and method blank values with comparisons to relevant literature. Calculated detection limits were also compared to relevant literature values. All values in nmol
kgL. *values in pmol kg L. « Typical open ocean trace metal concentrations firom Sohrin et al., (2008). ® Detection limits calculated as (blank + 3ovlank)/sensitivity.

Method Blank comparisons Detection limit comparisons
Method
Instrument —BlaNK__ Minami  Sohrin  Quéroué Jackson  Open  Detection Minami Sohrin  Quéroué Jackson

Element Isotope Blank n mean etal. et al. et al. et al. Ocean? Limit® et al. et al. et al. et al.
Mn 55 <0.000 9 0.001 0.001 <0.010 0.004 0.006 04 0.001 0.003 0.010 0.002 0.002
Fe 56 <0.000 9 0.023 0.032 0.033 0.250 0.140 0.5 0.019 0.090 0.040 0.090 0.029
Ni 60 0.024 9 0.033 0.017 <0.010 0.013 0.053 8.5 0.011 0.070 0.010 0.003 0.030
Cu 63 <0.000 9 0.086 0.017 <0.005 0.053 0.030 3.1 0.020 0.020 0.005 0.030 0.008
Zn 66 0.070 9 0.089 0.120 0.071 n.a. 0.025 4.6 0.014 0.100 0.060 n.a. 0.017

Co* 59 <0.000 9 0.687 0.500 <2.000 1.700 n.a. 17.0 0.485 2.000 2.000 0.700 n.a.
Cd* 111 <0.000 9 1217 <2.000 <9.000 0.190 0.340 622.7 0.888 2.000 9.000 0.120 0.600
Pb* 208 <0.000 9 0.218 0.300 1.600 0.720 0.460 9.7 0.201 0.900 1.000 0.200 0.300
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3.1.2. Precision — Internal Control

The method precision was evaluated on the results of the internal and quality control solutions shown
in Table 3. The analytical precision was quantified at the 95% confidence interval using the in-run
TM4A internal control results in comparison to their “calibrated” mean concentration (TracEx
calibration). Results are presented + 1 standard deviation while the percentage relative standard
deviation (%RSD) value was calculated as: (standard deviation/mean metal concentration)*100. The
mean method precision, calculated as the mean of each individual metals precision value (Table 3), was
5.74 %RSD across all elements for the TM4A internal control. The results substantiate highly precise
measurements with concentrations falling within the analytical error of the “calibrated” value.
Comparatively, the precision of the ICP-MS instrument proved within 1% of the certified value for the
trace metal suite under replicate analysis of the 1V-28 MES (Table 3).

3.1.3. Accuracy — GEOTRACES and NASS

Method accuracy was established using the reference and certified reference materials shown in Table
3. Analytical accuracy was assessed using the results of the GEOTRACES RM’s in comparison to the
established consensus values. Results were within analytical uncertainty, with the exception of Co and
Cu for SAFe D2 (see section 4.1.4), and Zn and Cd for GSP although the large analytical uncertainties
observed at these extremely low concentrations are noted. Cobalt (Co) consensus values for GSC and
GSP have yet to be established therefore results were compared with recently published values from
Wauttig et al., (2019). The NASS-7 CRM results demonstrate good agreement with the certified values

across the suite of trace metals.
3.1.4. Recovery and Carry-Over

The recovery of the seaFAST resin ranged between 100 — 109% (£5) for all metals supporting
guantitative recovery (Table 4). Moreover, a simple sample carry-over test was performed by the repeat
in sequence preconcentration and analysis of the low concentration TM4A internal control after the
NASS-7 CRM. NASS-7 has markedly higher trace metal concentrations; more than an order of
magnitude greater for Mn, Fe, and Co, relative to the TM4A internal control. The results of the internal
control post NASS-5 were compared to the established mean of the “calibrated” TM4A internal control.
TMA4A concentrations of 0.29 and 0.34nmol kg for Mn and Fe respectively and 17.50 pmol kg* for
Co were within the analytical uncertainty of the calibrated mean values of 0.26 nmol kg?, 0.34 nmol
kg! and 18.23 pmol kg* for Mn, Fe and Co respectively. Ultimately this indicated no carry-over
(memory) effect which may arise if metals from the previous sample were not wholly eluted from the

resin column.
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Table 3. Results of analysed reference seawater compared to available consensus data. The Co results for the GSC and GSP reference seawater were compared to Wuttig et al., 2019 as consensus
values have yet to be established. Results of the in-run internal and quality control (QC) materials compared to the calibrated mean and certified values respectively. All results indicate mean
values over a number of analyses (n) +1 standard deviation. UV irradiation was not performed on samples therefore Co and Cu are reported as the labile dissolved fraction as opposed to the
total dissolved fraction for all other metals.

Mn Fe Ni Cu Zn Co Cd Pb

nmol kg nmol kg nmol kg* nmol kg nmol kg pmol kg pmol kg* pmol kg*
SAFe D2
Consensus 0.35+0.05 0.93+0.04 8.63+0.25 2.28+0.15 7.43+£0.25 457 +2.90 986 + 23 285+1.2
TracEx (n=5) 0.40 £0.035 0.96 £0.025 8.05+0.10 2.04 £0.03 7.23+£0.25 32.7+0.44 955 + 60 285+1.2
TracEx %RSD 8.75 3.13 1.24 1.47 3.46 1.35 6.28 421
NASS-7
Certified 13.47 £ 1.09 6.16 £0.47 414 +£0.31 3.07+£0.22 6.27 £1.22 242.65+23.76 141.50 + 14.40 12.07 + 3.86
TracEx (n=5) 13.43+0.78 577+0.28 3.90 +0.07 3.11+0.08 6.59+0.07 261.40+5.40 132.69 + 3.08 15.19 + 1.87
TracEx %RSD 5.81 4.85 1.79 2.57 1.06 2.07 2.32 12.31
GSC
Consensus 2.18 £0.08 1.54 +0.12 4.39+0.21 1.10+0.15 1.43+0.10 84 +4 364 + 22 39+4
TracEx (n=5) 1.96 +£0.18 1.51+£0.08 3.91+0.16 1.14 +£0.04 1.41+£0.10 82+4 345 + 21 40+1.9
TracEx %RSD 9.18 53 4.09 3.51 7.09 4,97 6.09 481
GSP
Consensus 0.78 £0.03 0.16 £0.05 2.60£0.10 0.58 £0.05 0.03+£0.05 5+0.7 2%2 62+5
TracEx (n=5) 0.73+0.06 0.20+0.02 242 +0.11 0.57+0.02 0.10+0.02 5+05 6+0.3 65+ 2
TracEx %RSD 8.22 10.00 455 3.51 20.00 10.57 484 2.30
TMA4A Internal Control
g:ig;‘ Calibration 0264001  034+003 580011  157+003  583+007 1823+0.74 62508+1215  6.78+0.13
TracEx (n>50) 0.26 +0.01 0.29 £0.03 5.91+0.19 1.63 +£0.06 5.79+0.22 19.64 + 2.42 637.78 +21.1 6.62 £ 0.27
TracEx %RSD 4.17 11.18 3.18 3.81 3.82 12.32 3.31 4.09
1V-28 QC (ppt)
Certified 964 964 964 964 964 964 964 964
TracEx (n>20) 962.91 + 10.64 969.73 + 20.96 965.15 + 9.05 963.17 +13.85 966.07 + 10.44 963.75 + 10.76 963.98 +12.18 962.49 +12.47
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Table 4. Elemental recovery for the seaFAST resin column quantified by spiking a 200 ng L (ppt) MES into the WISOS internal control.
ng L™ (ppt) Mn Fe Ni Cu Zn Co Cd Pb
WISOS (n=5) 2321+111 17.79+0.07 37959%+0.21 9232+0.21 543.66%5.74 0.54+0.03 98.39%1.75 1.91+0.01
WISOS +200ng L spike (n=5) 232.70+7.24 228.21+5.15 598.46+ 1547 309.47+6.53 746.84+11.54 206.64+4.73 299.13+4.99 207.20+2.99
Spike recovery 209.9 210.41 218.88 217.15 203.18 206.1 200.75 205.28
Spike recovery (%) 105 105 109 108 101 103 100 102
200 ng L molar eq, (nmol kg) 3.55 3.49 3.32 3.07 2.98 3.31 1.76 0.94
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4. Discussion

4.1. ICP-MS Performance
4.1.1. Interference Removal

Traditionally, the use of a quadrupole ICP-MS in the simultaneous quantification of trace metals in
seawater has proven complicated due to difficulties in resolving spectral interferences (oxide and
matrix) compounded at the low nano-to pico-molar concentrations exhibited by these metals in high
salt matrices. The precipitation of seawater matrix elements (Na, K, Ca, Mg and CI) on the instrument
cones also results in compromised ion-transmission, affecting sensitivity and recovery. Furthermore,
matrix elements introduce matrix-based polyatomic interferences, most notably the interference of
Mo'®O* on Cd™! (Wu and Boyle, 1997), as well as signal suppression from the easily ionised elements
such as Na and K. In this study, multiple strategies were employed to minimise the interference effects
on the analyte signal. The Agilent 7900 ICP-MS was equipped with an Octopole Reaction System
(ORS), a collision/reaction cell (CRC) enabling interference removal using Kinetic Energy
Discrimination (KED) in He collision mode. A second gas line was added to permit the use of reactive
cell gases (e.g. Hz) which enabled enhanced control over interference reactions taking place within the
cell. With regards to negating specific polyatomic interferences, the buffer pH of 6.00 + 0.2 used on the
preconcentration module ensured poor recovery of Mo and thereby limited the MoO* polyatomic
interferences on Cd''! during ICP-MS analysis (Biller and Bruland, 2012). Monitoring of Cd**? further
verified that the resulting concentration does not suffer from any oxide interferences contributed by Mo.
Additional matrix based interferences, e.g. “°Ar**Na* on Cu (Wu and Boyle, 1997), were eliminated
through the preconcentration step whereby matrix ions such as Na* were removed. Interferences may
also arise from the use of argon (Ar) gas plasma during sample ionisation. Of particular concern here is
the resulting spectral overlap of “°Ar'®O* on Fe®®. To negate the interferences on the analysis of Fe®,
the instrument was run in H. reaction mode where the more efficient removal of the ArO* background
resulted in improved sensitivity compared to He mode as used for the other elements. In H; reaction
mode the “°Ar'%Q* interference is eliminated when ArO* is converted to Ar and ArOH* enabling Fe®®

to be measured interference-free (Arnold et al., 2008).
4.1.2. ICP-MS Calibration Accuracy

Establishing calibration accuracy was crucial in eliminating a variable potentially attributed to this step.
The calibration data substantiates a working range conforming to the requirements outlined by
GEOTRACES. Further, the concentration range over which the calibration was performed (0 — 20ppb)
ensured the expected seawater concentrations fell well within the calibration guaranteeing precision,
accuracy and linearity over the full working concentration range. The linearity of the element calibration
curve remained within the following parameters: r > 0.999, y-intercept within 0 - 5% of target

concentration and the RSD of the calibration curve <1.5 - 2%. The accurate quantification of the QC
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standards substantiate accurate calibration (Table 3). However, the data does indicate that there may be
large (in relative pico-molar terms) differences in the detection limit stemming from day to day
calibration. Nonetheless, the QC data precision suggests that detection limits were sufficient. Moreover,
the low Background Equivalent Concentrations (BEC), e.g. 0.97 pmol kg, illustrate that resolving the
highly preconcentrated sample (40 times) from the background value was readily achieved and not

likely to inhibit detection.
4.1.3. Blanks and Detection limits

The observed instrument blanks for Ni (0.024 nmol kg*) most likely stem from the Ni plated skimmer
cones used on the instrument; however the Ni blanks associated with the cones were determined not to
be significant (<0.4%) in relation to the Ni signal of the samples (Table 2). A possible source for the
Zn instrument blank (0.024 nmol kg*) were the PP sample vials used for preconcentration. Although
extensively acid cleaned (see section 2.1), initial experiments conducted on 2% HNOs in the sample
tubes prior to acid cleaning implicate Zn as the principal contaminant suggesting the acid cleaning
process may not have extensively removed Zn. Despite this, the Zn blank was insignificant (<2%) in
relation to open ocean Zn concentrations (Table 2). For the remainder of the metals, the instrument
blank was below the detection limit. The method blanks and detection limits quantified for this study
were compared with the results from four other studies (Jackson et al., 2018; Minami et al., 2015;
Quéroué et al., 2014; Sohrin et al., 2008). These studies were chosen for comparison as, in parallel with
this study, all made use of the NOBIAS Chelate-PA1 resin, comprising both ethylenediaminetriacetic
acid (EDTriA) and iminodiacetic acid (IDA) functional groups, during preconcentration coupled with
a variation of ICP-MS for trace metal quantification. With the exception of Cu, method blanks for all
metals were within or below the blanks reported in the comparative literature. The Cu blank (0.086
nmol kg™) was marginally higher than the studies considered however the blank contribution was still
insignificant, contributing <3% of typical open ocean Cu concentrations. The Fe blank (0.086nmol kg
1 further supported the elimination of polyatomic interferences on Fe®. The data suggests that the
analyte preconcentration factor of 40, sufficiently circumvented the challenge of detectability on low

level elements such as Fe, Co, Cd and Pb.
4.1.4. Reference materials

The results of the deep water SAFe D2 RM (Table 3) provide strong evidence for the methods suitability
in accurate trace metal quantification at realistic open ocean concentration ranges. The TM4A internal
control with characteristic open ocean surface concentrations, proved useful in evaluating the precision
of the method at lower concentrations, most notably for Fe and Co. For the SAFe D2 RM, the
underestimation of Co (~30%) and Cu (~7%) with respect to their consensus values stems from the
omission of an ultra-violet (UV) irradiation pre-treatment procedure deemed necessary to dissociate

metal ions from strong organic complexes specific to these two metals (Milne et al., 2010). Typically,
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seawater samples for total dissolvable trace metal analysis are acidified (pH 1.7) in order to dissociate
any organically bound trace metals, that is trace metals associated with colloids or organometallic
complexes. However, evidence suggests that some Co and Cu complexes persist even after sample
acidification leading to an inert metal fraction that is not chelated by the resin column during
preconcentration and hence not quantified (Biller and Bruland, 2012; Vega and Berg, 1997). The pre-
treatment of samples with UV irradiation effectively destroys these metal complexes (Buck and
Bruland, 2005; Saito and Moffett, 2001). Samples were not UV irradiated in this study meaning the
labile dissolved fraction was quantified for Co and Cu, as opposed to the total dissolved fraction for the
remaining trace metals. Implications for this in terms of biological interpretations are uncertain
considering that the strongly complexed Co and Cu may not present as bio-available to all
phytoplankton taxa. Nonetheless, the resulting underestimation of Co and Cu are similar to previous
measurements (24.00 pmol kg™ Co; 2.09 nmol kg* Cu) of the SAFe D2 reference material without UV
irradiation (Milne et al., 2010). In addition, results of the NASS-7 CRM, which has been gamma
irradiated, are within the uncertainty estimates for all trace metals (Table 3) and further suggest that Co
and Cu were accurately quantified by the method. The 1V-28 Quality Control (QC) results (Table 3)
support the ICP-MS instruments accuracy and precision over an entire analysis session (approximately
4 hours per station). Iron was the most susceptible to variation during analyses however the relative
standard deviation (3% RSD) was well within acceptable limits. All other metals had RSD <1% for the
IV-28 QC.

5. Conclusion

A more affordable method for the simultaneous quantification of key GEOTRACES trace metals (Mn,
Fe, Co, Ni, Cu, Zn, Cd and Pb) in seawater is presented. By combining solid phase extraction, using the
seaFAST preconcentration module, with quadrupole ICP-MS, accurate and precise measurements at the
extremely low trace metal levels inherent in open ocean seawater samples were possible. By removing
the seawater matrix elements e.g. Na and Mg, the seaFAST module was effective in eliminating the
source of many matrix-based polyatomic interferences on the ICP-MS. To minimise the interference of
OArttO* on Fe®, H, was used as the reaction gas which resulted in the more efficient removal of
“Ar®0, compared to He mode as used for the other elements. Blanks and calculated detection limits
were comparable to recent studies using the same chelating resin during preconcentration yet with
variations of ICP-MS technique e.g. SF-ICP-MS and ICP-MS/MS. Furthermore, the resin demonstrated
guantitative recovery of all trace metals considered. The SAFe D2 RM and NASS-7 CRM were
analysed showing agreement with established consensus values and confirmed the methods accuracy.
The continuous in-run analysis of an internal seawater standard ensured the instruments precision

during analyses. The application of the method was demonstrated by way of full depth profiles from
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the Southern Ocean. This method proves, through careful instrument optimisation, that quadrupole ICP-

MS is a viable analytical technique suitable for the demands of the GEOTRACES program.
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This appendix contains separate data tables for each of the six sampling locations occupied during the
54" South African National Antarctic Expedition (SANAE 54) cruise which took place over the
2014/2015 austral summer in the Atlantic sector of the Southern Ocean (46-68°S; 0-8°E). The labile
dissolved copper (LdCu) and dissolved zinc (dZn) and nickel (dNi) data were presented in Chapter 2
alongside physical temperature and salinity data as well as macronutrient (PO4, NO3z and Si) data.
Values for trace metals represent the mean of duplicate measurements. A value was deemed an outlier
when the relative standard deviation (RSD) between duplicate measurements was >10% of their mean
value. The rejected value was determined by curve fitting the data points based on the values above
(shallower depth) and below (deeper depth) the suspect value as well as by comparison with other

parameters (salinity, temperature, and nutrients) measured from the same GO-FLO bottle.
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SANAE 54 Date: 12/01/2015 Bottom depth: 4224m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ Si _ LdCu _ dzn _ dNi _
(Station) (m) (°C) (PSU)  (umol kg?) (umolkg?) (umolkg?) (nmolkg?) (nmolkg?®) (nmolkg?)
DTM2 46° 00' S 14 6.35 33.78 19.34 1.30 5.33 1.00 0.85 5.07
08° 00'E 35 6.35 33.78 21.46 1.28 5.14 0.97 0.90 5.30
75 6.20 33.79 22.75 1.35 5.48 1.04 0.58 5.36
100 5.84 33.80 24.95 1.64 6.15 0.91 1.95 5.09
150 4.20 33.86 28.03 - 10.10 1.02 1.32 5.51
200 4.02 34.05 30.60 1.83 16.40 1.02 1.80 5.65
400 3.10 34.14 34.99 - 31.80 1.23 2.85 6.30
501 2.94 34.20 36.10 2.12 39.90 1.26 3.50 6.22
622 2.84 34.28 37.30 - 52.30 1.32 3.39 6.11
1000 2.61 34.53 38.70 2.33 76.70 1.74 4.82 6.77
1501 2.50 34.71 34.57 2.14 82.60 1.90 5.01 6.63
2000 2.20 34.77 32.29 1.92 85.70 1.97 5.15 6.27
3000 141 34.75 33.80 2.04 106.00 2.44 5.22 6.47
4002 0.88 34.71 35.00 2.18 126.00 2.82 6.14 6.68
4302 0.78 34.70 35.10 2.17 133.00 3.15 6.96 7.26
Max. 6.35 34.77 38.70 2.33 133.00 3.15 6.96 7.26
Min. 0.78 33.78 19.34 1.28 5.14 0.91 0.58 5.07
MLD (79m) 6.30 33.79 21.18 131 5.32 1.00 0.78 5.24
Surface (<500m) 4.88 33.93 27.28 1.59 15.04 1.06 1.72 5.56
Inter (500-1500m) 2.72 34.43 36.67 2.20 62.88 1.55 4.18 6.43
Deep (>1500m) 1.55 34.73 34.15 2.09 106.66 2.46 5.70 6.66
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Cruise: SANAE54 Date: 14/01/2015 Bottom depth: 3248m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ Si _ LdCu _ dzn _ dNi _
(Station) (m) (°C) (PSU)  (umol kg) (umol kg®) (umol kg?) (nmolkg?) (nmolkg?) (nmol kg?)
T™1 50°00'S 16 3.73 33.79 17.81 1.85 5.56 0.94 0.96 4.98
02° 00'E 31 3.73 33.79 16.28 1.80 5.40 0.94 0.62 5.03
40 3.73 33.79 14.68 1.76 5.50 0.95 0.62 5.11
60 3.73 33.79 11.76 171 5.49 0.96 1.02 5.25
78 3.72 33.79 18.10 1.85 4.93 0.96 0.61 5.21
100 3.61 33.79 19.74 1.76 5.82 1.08 1.19 5.61
150 2.09 34.03 271.77 2.60 38.10 1.09 2.53 5.65
198 2.08 34.12 29.90 2.69 46.50 1.15 3.25 5.78
251 2.15 34.18 33.98 2.39 56.72 1.33 351 6.07
303 2.33 34.28 34.62 2.49 63.80 1.34 4.19 6.19
400 2.39 34.39 34.62 248 68.76 141 4.81 6.12
500 2.42 34.49 34.41 2.42 73.72 1.59 5.42 6.65
599 2.40 34.55 - - - 1.63 6.28 6.33
800 2.33 34.64 32.69 2.34 80.44 1.75 5.30 6.28
1002 2.27 34.69 31.84 2.20 82.56 1.77 5.35 6.17
Max. 3.73 34.69 34.62 2.69 82.56 177 6.28 6.65
Min. 2.08 33.79 11.76 1.71 4,93 0.94 0.61 4.98
MLD (100m) 3.71 33.79 16.39 1.79 5.45 0.97 0.84 5.20
Surface (<500m) 2.98 34.02 24.47 2.15 31.69 1.14 2.40 5.64
Inter (500-1500m) 2.35 34.59 32.98 2.32 78.90 1.69 5.59 6.36
Deep (>1500m) - - - - - - - -
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Cruise: SANAE54 Date: 15/01/2015 Bottom depth: 2412m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ Si _ LdCu _ dzn _ dNi _
(Station) (m) (°C) (PSU)  (umol kg) (umol kg®) (umol kg?) (nmolkg?) (nmolkg?) (nmol kg?)
DTM3 54°00'S 15 0.96 33.83 16.14 1.44 28.80 1.45 1.55 5.42
00° 00'E 23 0.86 33.83 18.89 1.43 30.83 1.42 3.01 5.78
50 0.68 33.83 20.09 1.56 30.87 1.32 2.09 5.41
75 -0.01 33.86 19.86 1.57 34.43 1.35 2.55 5.23
101 -0.31 33.90 22.13 1.87 47.80 1.33 2.65 5.50
151 -0.02 34.16 33.12 2.12 68.90 141 4.44 5.68
250 1.55 34.51 38.50 2.38 93.30 1.60 5.93 6.04
298 1.62 34.56 36.73 2.42 92.48 1.72 6.22 6.31
350 1.70 34.60 34.82 2.39 92.67 1.73 5.87 6.13
398 1.76 34.63 35.33 2.43 91.00 1.70 6.18 6.10
450 1.74 34.65 35.63 2.33 98.27 1.90 6.32 6.74
500 1.70 34.66 34.53 2.28 95.47 1.95 6.61 6.59
549 1.66 34.68 34.95 2.26 102.00 2.07 6.57 6.86
599 1.62 34.69 33.17 2.22 94.73 2.14 6.68 6.99
650 1.58 34.69 35.62 2.28 95.57 2.17 6.42 6.94
749 1.50 34.70 30.94 2.25 105.04 2.21 6.48 6.79
1000 1.24 34.71 27.06 2.12 97.90 2.30 6.71 6.45
1250 0.94 34.70 30.22 2.26 124.83 2.17 6.95 6.24
1502 0.71 34.69 28.73 2.22 118.86 2.28 7.15 6.18
1749 0.56 34.68 34.69 2.30 118.84 2.30 7.45 6.10
2001 0.45 34.68 35.00 2.23 108.33 2.34 7.51 6.06
2249 0.40 34.68 29.06 2.40 122.67 2.55 7.66 6.29
2400 0.40 34.68 41.56 2.29 131.00 2.46 7.96 6.27
Max. 1.76 34.71 41.56 2.43 131.00 2.55 7.96 6.99
Min. -0.31 33.83 16.14 1.43 28.80 1.32 1.55 5.23
MLD (101m) 0.44 33.85 19.42 1.57 34.55 1.38 2.37 5.47
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Surface (<500m) 1.02 34.25 28.82 2.02 67.07 1.58 4.45 591
Inter (500-1500m) 1.37 34.69 31.90 2.24 104.30 2.16 6.69 6.63
Deep (>1500m) 0.50 34.68 33.80 2.29 119.94 2.39 7.55 6.18
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Cruise: SANAE54 Date: 16/01/2015 Bottom depth: 5174m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ Si _ LdCu _ dzn _ dNi _
(Station) (m) (°C) (PSU)  (umol kg) (umol kg®) (umol kg?) (nmolkg?) (nmolkg?) (nmol kg?)
™2 60° 00' S 16 0.73 33.75 22.12 1.23 59.90 1.49 1.33 5.98
00° 00'E 41 -1.70 34.13 24.81 1.54 70.10 1.60 3.22 6.09
58 -1.25 33.97 26.61 2.07 74.80 1.53 2.58 5.89
60 -1.71 34.13 29.05 1.98 82.50 1.77 3.89 6.17
79 -1.74 34.19 30.53 1.98 83.80 1.70 3.82 6.02
100 -1.26 34.34 31.94 2.33 95.60 1.90 497 6.16
150 0.68 34.66 36.95 2.33 126.00 2.25 7.49 6.73
199 0.64 34.68 36.38 2.33 135.00 2.38 7.38 6.83
251 0.57 34.68 36.49 2.38 136.00 2.46 7.51 6.80
300 0.53 34.68 37.09 2.60 139.00 251 7.41 6.97
399 0.46 34.68 37.51 2.60 144.00 251 7.93 6.73
500 0.41 34.68 3741 2.33 146.00 2.61 7.74 6.73
599 0.37 34.68 36.99 2.29 155.00 2.63 7.82 6.71
800 0.27 34.68 43.33 2.24 146.00 2.64 7.54 6.73
1001 0.18 34.67 - 2.29 - 2.95 8.72 7.28
Max. 0.73 34.68 43.33 2.60 155.00 2.95 8.72 7.28
Min. -1.74 33.75 22.12 1.23 59.90 1.49 1.33 5.89
MLD (50m) -0.74 33.95 24.51 1.61 68.27 1.54 2.38 5.99
Surface (<500m) -0.30 34.38 32.24 2.14 107.73 2.06 5.44 6.42
Inter (500-1500m) 0.31 34.68 39.25 2.29 149.00 2.71 7.96 6.86
Deep (>1500m) - - - - - - - -
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Cruise: SANAES54 Date: 18/01/2015 Bottom depth: 3605m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ Si _ LdCu _ dzn _ dNi _
(Station) (m) (°C) (PSU)  (umol kg) (umol kg®) (umol kg?) (nmolkg?) (nmolkg?) (nmol kg?)
DTM1 65°00'S 25 - - - - - 1.29 1.02 4.65
00° 00'E 39 -0.73 34.09 25.02 1.85 74.30 1.45 2.21 4.73
51 -0.87 34.30 29.92 2.02 95.50 1.48 3.68 4.96
70 0.40 34.56 31.40 2.20 110.00 1.74 5.22 5.69
100 1.08 34.67 31.20 2.29 113.00 1.89 5.78 5.76
151 1.13 34.69 31.70 2.24 118.00 1.95 5.08 571
200 1.10 34.69 30.80 2.20 120.00 1.87 5.05 5.55
400 0.89 34.70 32.07 2.24 126.00 2.00 5.20 5.49
498 0.81 34.70 30.79 2.16 130.00 2.03 5.33 5.56
749 0.61 34.69 30.83 2.20 136.00 2.50 6.05 6.51
1001 0.47 34.69 32.79 2.29 141.00 243 5.53 5.71
1251 0.34 34.68 31.89 2.29 144.00 2.27 5.46 5.44
1501 0.24 34.67 39.69 2.38 145.00 2.28 5.35 5.30
2002 0.05 34.67 38.45 2.24 145.00 2.47 5.97 5.67
2501 -0.09 34.66 36.09 2.33 145.00 2.37 6.11 5.60
3001 -0.18 34.66 38.43 2.24 148.00 2.35 5.63 5.40
3650 -0.26 34.65 35.99 2.20 147.50 2.37 5.02 5.03
Max. 1.13 34.70 39.69 2.38 148.00 2.50 6.11 6.51
Min. -0.87 34.09 25.02 1.85 74.30 1.29 1.02 4.65
MLD (68m) -0.40 34.32 28.78 2.02 93.27 1.49 3.04 5.01
Surface (<500m) 0.48 34.55 30.36 2.15 110.85 1.74 4.29 5.35
Inter (500-1500m) 0.49 34.69 33.20 2.26 139.20 2.30 5.54 5.70
Deep (>1500m) -0.05 34.66 37.73 2.28 146.10 2.37 5.62 5.40
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Cruise: SANAE54 Date: 19/01/2015 Bottom depth: 4372m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ Si _ LdCu _ dzn _ dNi _
(Station) (m) (°C) (PSU)  (umol kg) (umol kg®) (umol kg?) (nmolkg?) (nmolkg?) (nmol kg?)
™3 68°00'S 15 -1.69 33.82 26.32 1.99 89.80 1.83 4.56 6.02
00° 00'E 30 -1.76 34.07 28.12 2.08 92.00 181 4.61 6.00
40 -1.76 34.31 28.22 2.16 93.00 1.90 5.19 6.31
60 -1.75 34.38 27.42 212 89.40 1.86 4.67 6.21
80 -1.70 34.42 28.34 2.16 91.40 1.85 4.69 6.23
99 -1.01 34.48 27.36 2.21 88.50 1.89 4.88 6.23
150 0.62 34.66 30.10 2.25 110.00 212 6.43 6.57
201 0.71 34.67 31.50 2.38 114.00 2.19 6.77 6.58
250 0.82 34.69 32.69 2.29 119.00 2.35 6.59 6.61
301 0.82 34.69 31.20 2.33 141.00 2.34 6.79 6.79
400 0.77 34.69 32.37 2.29 124.00 2.45 6.99 6.88
501 0.70 34.69 15.16 1.99 89.80 2.38 6.68 6.39
600 0.65 34.69 31.20 2.33 135.00 2.45 6.89 6.40
799 0.55 34.69 32.00 2.25 138.00 2.55 7.44 6.60
1000 0.44 34.68 32.10 2.38 143.00 2.79 7.97 7.04
Max. 0.82 34.69 32.69 2.38 143.00 2.79 7.97 7.04
Min. -1.76 33.82 15.16 1.99 88.50 181 4.56 6.00
MLD (86m) -1.73 34.20 27.68 2.10 91.12 1.85 474 6.15
Surface (<500m) -0.44 34.46 28.23 2.19 103.49 2.08 5.74 6.40
Inter (500-1500m) 0.58 34.69 27.61 2.24 126.45 2.54 7.25 6.61
Deep (>1500m) - - - - - - - -
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Appendix C

This appendix contains separate data tables for each of the three sampling locations occupied during
the third Southern Ocean Seasonal Cycle Experiment (SOSCEX I11) cruise which took place over the
2015 austral winter in the Atlantic Sector of the Southern Ocean (46-54°S; 0-5°E). The three sample
locations overlapped with three corresponding stations from the SANAE 54 cruise. The labile dissolved
copper (LdCu) and dissolved zinc (dZn) and nickel (dNi) data were presented in Chapter 2 alongside
physical temperature and salinity data as well as macronutrient (PO4, NO3 and Si) data. Values for trace
metals represent the mean of duplicate measurements. A value was deemed an outlier when the relative
standard deviation (RSD) between duplicate measurements was >10% of their mean value. The rejected
value was determined by curve fitting the data points based on the values above (shallower depth) and
below (deeper depth) the suspect value as well as by comparison with other parameters (salinity,

temperature, and nutrients) measured from the same GO-FLO bottle.
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Cruise: SOSCEX Il Date: 30/07/2015 Bottom depth: 4224m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ Si _ dCu _ dzn _ dNi _
(Station) (m) (°C) (PSU)  (umol kg) (umol kg®) (umol kg?) (nmolkg?) (nmolkg?) (nmol kg?)
DTM2 46° 00'S 9 5.46 33.88 22.57 1.55 4.78 1.06 0.47 5.05
05° 00'E 29 5.45 33.87 23.73 151 4.28 0.94 0.67 5.31
48 5.44 33.87 22.78 1.55 4.30 1.02 0.49 5.02
74 5.41 33.87 22.92 151 4,32 0.91 0.58 5.21
149 5.16 34.13 26.48 1.84 9.35 0.93 142 5.15
199 4.46 34.13 27.68 1.80 12.00 0.90 151 5.37
299 3.80 34.13 29.48 1.92 17.80 1.03 2.55 5.55
398 3.39 34.14 32.18 1.96 23.30 111 2.42 5.82
448 3.22 34.16 31.50 1.92 26.90 1.17 2.37 5.74
749 2.85 34.34 34.38 2.28 50.40 1.46 3.81 6.13
999 2.66 34.50 34.38 2.28 65.20 1.63 4.99 6.48
1498 2.56 34.70 31.78 2.20 69.40 1.82 4.36 6.20
1999 2.13 34.76 35.18 2.24 66.80 2.08 4.34 6.43
2998 1.28 34.75 32.40 2.12 95.70 2.88 5.88 6.37
3999 0.59 34.71 34.48 2.20 115.00 2.82 6.75 6.49
4099 0.59 34.71 34.08 2.16 115.00 2.83 6.16 6.24
Max. 5.46 34.76 35.18 2.28 115.00 2.88 6.75 6.49
Min. 0.59 33.87 22.57 151 4.28 0.90 0.47 5.02
MLD (121m) 5.38 33.93 23.70 1.59 541 0.97 0.73 5.15
Surface (<500m) 4.64 34.02 26.59 1.73 11.89 1.01 1.39 5.36
Inter (500-1500m) 2.69 34.52 33.52 2.25 61.67 1.64 4.38 6.27
Deep (>1500m) 1.15 34.73 34.04 2.18 98.13 2.65 5.79 6.38
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Cruise: SOSCEX Il Date: 01/08/2015 Bottom depth: 3248m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ Si _ dCu _ dzn _ dNi _
(Station) (m) (°C) (PSU)  (umol kg) (umol kg®) (umol kg?) (nmolkg?) (nmolkg?) (nmol kg?)
™1 50°00'S 9 2.34 33.84 25.44 1.76 17.3 1.16 1.64 5.61
01° 00'E 29 2.34 33.84 25.66 1.76 17.20 1.16 1.75 5.57
49 2.34 33.84 25.75 1.72 17.30 1.19 1.53 5.72
72 2.34 33.85 25.70 1.68 17.20 1.15 1.60 5.69
99 2.34 33.85 25.73 1.68 17.30 1.16 1.80 5.60
147 2.26 33.88 28.06 2.04 24.40 1.21 241 6.04
198 2.13 34.03 31.33 2.20 37.60 1.27 3.54 6.26
248 2.24 34.39 31.88 2.32 44.40 1.35 3.86 6.07
298 2.08 34.47 32.87 2.36 51.50 1.34 4.44 6.28
349 2.18 34.57 33.20 2.28 56.10 1.49 4.83 6.60
399 2.36 34.59 33.64 2.40 63.20 1.46 5.07 6.29
447 2.39 34.62 33.88 2.40 67.60 1.54 5.15 6.26
499 2.38 34.65 33.97 2.32 71.60 1.60 5.24 6.27
601 2.37 34.66 33.88 2.24 75.60 1.72 5.65 6.51
698 2.36 34.68 33.22 2.32 77.10 1.79 5.53 6.58
797 2.31 34.69 32.67 2.24 81.30 181 5.38 6.39
896 2.26 34.70 32.67 2.24 80.30 1.76 5.49 6.55
998 2.15 34.71 32.56 2.28 83.30 2.04 5.48 6.64
1096 2.09 34.71 32.10 2.16 83.90 2.02 5.67 6.75
1200 2.04 34.71 31.55 2.16 84.50 211 6.46 7.18
1398 1.87 34.70 30.91 2.00 85.50 212 5.65 6.68
1599 1.81 34.69 30.36 1.96 83.90 2.12 5.36 6.41
1798 1.60 34.68 30.56 2.04 88.00 2.34 6.08 6.79
2000 1.28 34.68 31.77 2.04 98.80 2.34 6.39 6.57
Max. 2.39 34.71 33.97 2.40 98.80 2.34 6.46 7.18
Min. 1.28 33.84 25.44 1.68 17.20 1.15 1.53 5.57
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MLD (193m)
Surface (<500m)
Inter (500-1500m)
Deep (>1500m)

2.30
2.29
2.18
1.56

33.87
34.19
34.69
34.68

26.81
29.78
32.45
30.90

1.83
2.07
2.20
2.01

21.19
38.67
81.44
90.23

1.19
1.31
1.92
2.27

2.04
3.30
5.66
5.95

5.78
6.02
6.66
6.59
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Cruise: SOSCEX Il Date: 30/07/2015 Bottom depth: 2600m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ Si _ dCu _ dzn _ dNi _
(Station) (m) (°C) (PSU)  (umol kg) (umol kg®) (umol kg?) (nmolkg?) (nmolkg?) (nmol kg?)
DTM3 54°00'S 9 -0.56 33.84 25.63 2.00 - 1.48 3.38 5.99
00° 00'E 30 -0.56 33.84 25.50 212 51.00 1.57 3.32 6.19
49 -0.59 33.84 26.10 2.08 51.70 1.53 3.70 5.96
74 -0.62 33.84 26.19 2.20 51.90 1.62 4.16 6.01
99 -0.63 33.85 26.24 2.08 52.10 1.62 3.57 6.17
123 -0.69 33.93 26.93 2.00 54.20 1.63 3.52 6.07
148 -0.06 34.15 28.91 2.00 59.90 1.60 4.56 6.18
173 1.20 34.22 31.97 2.40 74.60 1.71 5.78 6.30
198 1.44 34.27 32.61 2.36 79.10 1.75 5.98 6.16
249 1.74 34.32 32.94 2.36 84.20 1.85 6.33 6.57
299 1.75 34.40 32.54 2.28 86.10 1.88 6.51 6.62
348 1.76 34.45 32.62 2.44 88.10 1.84 6.24 6.30
399 1.76 34.49 32.38 2.32 90.00 1.83 5.98 6.61
448 1.72 34.56 32.33 2.28 90.70 1.96 6.41 6.72
499 1.68 34.61 32.41 2.28 91.90 2.04 6.49 6.77
597 1.60 34.64 32.34 2.40 93.50 2.26 6.13 6.76
698 151 34.67 32.25 2.40 95.50 2.04 5.96 6.22
799 141 34.68 3181 2.16 97.30 2.35 6.39 6.52
899 1.27 34.70 31.99 212 104.00 2.36 6.14 6.34
999 1.14 34.72 3241 2.28 103.00 2.17 6.59 6.38
1249 0.84 34.74 32.84 2.32 109.00 242 6.40 6.39
1499 0.59 34.76 33.38 2.80 115.00 2.46 7.78 6.33
1999 0.32 34.76 33.68 2.56 122.00 2.45 6.70 6.01
2488 0.24 34.73 34.42 2.32 128.00 2.90 7.47 6.65
Max. 1.76 34.76 34.42 2.80 128.00 2.90 7.78 6.77
Min. -0.69 33.84 25.50 2.00 51.00 1.53 3.32 5.96
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MLD (128m)
Surface (<500m)
Inter (500-1500m)
Deep (>1500m)

-0.61
0.62
1.20
0.28

33.86
34.17
34.70
34.75

26.10
29.69
32.43
34.05

2.08
2.21
2.35
244

52.18
71.82
102.47
125.00

1.58
1.73
2.29
2.67

3.61
5.06
6.48
7.08

6.07
6.31
6.42
6.33
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This appendix contains separate data tables for each of the seven sampling locations occupied during
the 2017 winter cruise which took place over the 2017 austral winter in the Indian Sector of the Southern
Ocean (41-58°S; 30°E). The dissolved cadmium (dCd) particulate cadmium (pCd) are presented in
chapter 3 alongside physical temperature and salinity data as well as dissolved macronutrient (PO4, NO3
and Si) and particulate phosphorous (P) data. Dissolved zinc (dZn) and particulate zinc (pZn) are also
included in the data tables and were presented in chapter 4. Values for trace metals represent the mean
of duplicate measurements. A value was deemed an outlier when the relative standard deviation (RSD)
between duplicate measurements was >10% of their mean value. The rejected value was determined by
curve fitting the data points based on the values above (shallower depth) and below (deeper depth) the
suspect value as well as by comparison with other parameters (salinity, temperature, and nutrients)
measured from the same GO-FLO bottle. Values in red indicate instances where both measurements
were assessed to be outliers, most likely originating from contamination during the sample collection
or analytical phase of the investigation. These values were not included in any data interpretation or

figures from chapters 3 and 4.
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Cruise: Winter 2017 Date: 07/10/2017 Bottom depth: 4484m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ P _ Si _ dCd _ pCd _ dzn _ pZn _
(Station) (m) (°C) (PSU)  (umol kg™ (umol kg?) (nmolkg?) (umolkg?) (pmolkg?) (pmolkg?) (nmolkg?®) (pmol kg?)
oog 417008 25 18,02 3559 2,55 0,22 11,52 2,92 18,13 5,64 0,25 16,12
30° 00' E 50 18,03 3559 2,41 0,22 - 2,88 177 - 0,18 -
75 1803 3559 3,16 0,19 10,97 2,90 17,99 7,00 0,16 21,84
100 18,00 3558 3,14 0,21 16,03 2,94 23,11 10,93 0,20 31,44
125 17,46 3556 4,34 0,23 3,52 3,76 51,86 1,17 0,39 13,44
150 17,24 3555 4,32 0,31 3,78 3,87 56,77 1,49 0,33 22,25
175 16,99 3553 4,99 0,34 3,36 3,96 55,26 142 0,77 18,10
200 16,68 35,52 5,65 0,37 3,29 4,03 68,91 1,30 0,92 20,87
250 1601 35,48 6,15 0,41 3,92 4,54 68,98 1,09 0,79 28,71
300 1487 35,33 6,42 0,48 3,47 4,78 51,07 1,17 0,66 17,10
400 1363 3528 7.19 0,59 1,84 4,82 91,66 0,25 0,30 9.29
500 1241 3512 12,07 0,70 1,76 5,53 117,60 0,62 0,48 18,44
800 7,66 34,50 21,18 1,35 2,06 11,96 345,13 1,90 1,01 17,59
1000 5,46 34,39 29,75 1,88 1,52 27,49 508,70 1,04 1,69 12,99
1250 4,20 34,43 33,42 2,07 1,10 46,23 640,78 0,90 2,67 12,42
1500 3,49 34,54 34,75 2,20 0,92 64,21 697,47 0,22 3,69 42,33
Max. 18,03 3559 34,75 2,20 16,03 64,21 697,47 10,93 3,69 42,33
Min. 3,49 34,39 2,41 0,19 0,92 2,88 17,77 0,22 0,16 9,29
MLD (112m) 18,02 3559 2,82 0,21 12,84 2,01 19,25 7.85 0,20 23,13
Surface (<500m) 16,45 35,48 5,20 0,36 5,77 3,01 53,26 2,01 0,45 19,78
Inter (500-1500m) 6,64 34,59 26,23 1,64 1,47 31,08 461,93 0,94 1,91 20,75
Deep (>1500m) - - - - - - - - - -
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Cruise: Winter 2017 Date: 07/10/2017 Bottom depth: 5528m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ P _ Si _ dCd _ pCd _ dzn _ pZn _
(Station) (m) (°C) (PSU)  (umol kg™ (umol kg?) (nmolkg?) (umolkg?) (pmolkg?) (pmolkg?) (nmolkg?®) (pmol kg?)
og7  43700'S 25 1055 3458 8.43 0.63 15.30 1.65 42.95 12.85 0.64 28.87
30° 00' E 50 1055  34.58 10.14 0.63 - 2.25 42.86 - 0.69 -
75 1055 3458 1079 0.70 13.57 927 46.23 12.03 0.29 29.83
100 1060  34.60 11.43 0.70 17.17 2.27 48.32 14.91 1.34 97.91
125 1079  34.66 11.27 0.81 12.24 2.39 50.51 10.86 0.78 38.75
150 1088  34.69 11.40 0.79 1121 2.45 50.01 9.76 1.00 32.20
175 10.67  34.66 11.83 0.80 8.27 2.57 62.39 5.90 0.93 28.95
200 1066  34.77 11.83 0.89 4.32 2.89 166.80 3.56 0.72 37.21
250 10.06 3471 13.46 0.95 3.47 4.59 190.90 3.42 0.78 22.73
300 9.32 34.61 18.59 1.21 3.85 6.08 254.15 3.64 4.03 24.39
400 8.36 34.57 22.60 1.45 5.92 10.10 371.73 3.30 170 34.45
500 6.97 34.46 27.00 1.61 3.07 14.96 515.71 2.65 2.21 25.54
750 4.30 34.25 31.01 2.11 2.17 24.48 645.78 174 2.39 21.72
1000 3.62 34.40 34.65 2.38 132 46.89 741.13 0.66 3.53 13.22
1250 3.22 34.55 35.26 2.47 161 63.49 797.53 0.43 4.33 17.85
1500 2.85 34.62 34.47 2.24 1.05 66.09 776.49 0.28 6.85 48.39
Max. 1088  34.77 35.26 2.47 17.17 66.09 797.53 14.91 6.85 97.91
Min. 2.85 34.25 8.43 0.63 1.05 1.65 42.86 0.28 0.29 13.22
MLD (228m) 1059  34.65 11.18 0.76 10.69 2.59 77.88 9.16 0.80 39.55
Surface (<500m) 1000  34.62 14.06 0.93 8.94 4.54 153.55 7.54 1.01 36.44
Inter (500-1500m) 4.19 34.46 32.48 2.16 1.84 43.18 695.33 1.15 3.87 25.34
Deep (>1500m) - - - - - - - - - -
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Cruise: Winter 2017 Date: 07/09/2017 Bottom depth: 5872m
Dom_ain Lat/Long Depth Temp  Salinity NO3 _ PO4 _ P _ Si _ dCd _ pCd _ dzn _ pZn _
(Station) (m) (°C) (PSU)  (umol kg?®) (umolkg?®) (nmolkg?) (umolkg?) (pmolkg?) (pmolkg?) (nmolkg?) (pmolkg?)
o0g  46°00'S 25 9.56 34.44 12.23 1.02 10.25 3.44 79.57 8.26 0.50 22.45
30°00'E 50 9.58 34.45 12.37 1.02 - 2.51 83.07 - 0.28 -
75 9.55 34.44 12.39 0.95 8.81 3.24 88.90 6.09 1.47 38.53
100 9.64 34.46 1213 0.95 16.21 270 86.08 7.58 11.51 56.25
150 9.75 34.49 12.10 0.95 12.83 2.59 85.35 9.86 3.01 48.29
200 1058  34.70 13.13 0.96 6.86 2.79 73.46 5.78 4.85 34.89
250 9.92 34.70 15.01 1.23 3.66 4.02 208.31 4.10 0.86 20.47
300 8.73 34.54 17.39 1.44 2.80 6.65 292.93 3.66 6.77 21.03
400 7.87 34.52 21.46 1.59 2.83 11.57 417.18 3.80 110 19.48
500 6.06 34.36 25.90 1.90 - 16.00 559.90 - 161 -
600 5.12 34.31 27.85 1.90 1.93 19.28 584.66 2.08 159 22.15
700 458 34.32 29.37 2.05 1.47 27.00 622.75 146 2.63 20.20
800 3.93 34.30 30.82 2.15 1.40 32.05 657.19 1.47 2.49 19.57
900 3.69 34.36 31.97 2.22 185 40.73 719.05 147 3.07 27.08
1000 3.31 34.38 32.87 2.40 1.48 47.39 759.74 117 3.40 18.72
1250 2.96 34.53 33.64 2.54 1.10 64.62 787.99 0.52 4.16 7.04
1750 2.64 34.71 30.95 2.19 0.91 69.47 694.64 0.27 4.68 8.28
2250 2.47 34.81 27.07 2.01 0.86 64.66 575.91 0.18 4.24 28.53
2750 2.17 34.81 26.82 1.98 0.86 68.44 550.69 0.10 4.22 18.89
3500 1.34 34.74 29.97 2.19 0.71 101.65 685.52 0.22 7.12 18.98
4250 0.81 34.70 32.06 2.40 0.54 116.94 734.60 0.06 7.00 18.43
Max. 1058  34.81 33.64 2.54 16.21 116.94 787.99 9.86 7.12 56.25
Min. 0.81 34.30 12.10 0.95 0.54 251 73.46 0.06 0.28 7.04
MLD (235m) 9.80 34.52 12.77 1.01 9.77 3.04 100.68 6.94 3.21 36.81
Surface (<500m) 9.12 34.51 15.41 1.20 8.03 555 197.48 6.14 0.87 32.67
Inter (500-1500m) 4.24 34.36 30.35 2.17 1.54 35.30 670.18 1.36 2.71 19.13
Deep (>1500m) 1.89 34.75 29.37 2.15 0.78 84.23 648.27 0.17 5.45 18.62
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Appendix D
Cruise: Winter 2017 Date: 07/09/2017 Bottom depth: 5156m
Dom_ain Lat/Long Depth Temp  Salinity NO3 _ PO4 _ P _ Si _ dCd _ pCd _ dzn _ pZn _
(Station) (m) (°C) (PSU)  (umol kg?®) (umolkg?®) (nmolkg?) (umolkg?) (pmolkg?) (pmolkg?) (nmolkg?) (pmolkg?)
005 48700'S 25 5.10 33.81 22.83 1.74 16.41 5.22 330.26 23.71 0,86 75.52
30° 00' E 50 5.09 33.81 22.91 1.77 14.80 5.28 322.78 21.26 0,80 76.81
75 5.09 33.81 23.05 1.75 14.46 5.32 341.96 15.20 1,37 63.18
100 5.10 33.81 23.08 1.80 1149 5.31 316.67 15.13 1,17 55.98
150 6.70 34.29 23.54 1.75 5.09 9.17 421.59 7.88 1,27 25.06
200 6.21 34.26 24.37 1.73 2.60 10.12 450.29 4.26 1,23 19.35
250 5.62 34.22 25.49 1.77 4.65 10.32 481.34 8.42 1,13 38.34
300 5.30 34.23 27.58 1.85 - 13.42 546.83 5.42 1,89 -
400 4.39 34.17 29.02 2.03 3.63 15.98 569.82 4.22 1,78 31.95
500 4.12 34.22 30.97 2.28 2.58 22.89 562.30 2.57 2,09 26.98
600 3.62 34.23 32.29 2.43 2.24 29.70 606.42 2.08 2,52 24.55
700 3.28 34.27 33.75 2.44 2.23 35.96 653.43 1.58 3,57 23.89
800 3.11 34.32 34.59 2.54 2.30 42.22 667.45 1.52 3,67 65.91
900 3.07 34.38 35.33 2.59 1.63 49.26 708.35 113 3,98 55.35
1000 2.93 34.43 35.89 2.66 2.04 54.95 744.75 1.06 4,28 37.50
1250 2.71 34.54 35.80 2.58 - 64.12 744.54 - 6,03 -
1750 2.60 34.73 32.14 2.12 153 67.27 595.08 0.25 4,25 29.39
2250 2.30 34.78 30.19 2.02 1.54 71.93 560.27 0.25 4,71 13.75
2750 1.85 34.77 30.62 2.11 125 80.79 594.59 0.06 5,11 14.84
3500 1.13 34.73 32.54 2.30 1.34 103.18 647.47 0.07 6,59 36.49
4250 0.73 34.70 33.59 2.25 115 113.04 708.44 0.17 6,64 22.38
Max. 6.70 34.78 35.89 2.66 16.41 113.04 744.75 23.71 6,64 76.81
Min. 073 33.81 22.83 1.73 1.15 5.22 316.67 0.06 0,80 13.75
MLD (137m) 5.42 33.91 23.08 1.76 12.45 6.06 347.85 16.64 1,09 59.31
Surface (<500m) 5.27 34.06 25.29 1.85 9.14 10.30 434.98 10.81 1,36 45.91
Inter (500-1500m) 3.26 34.34 34.09 2.51 2.17 42.73 669.61 1.66 3,74 39.03
Deep (>1500m) 172 34.74 31.82 2.16 1.36 87.24 621.17 0.16 5,46 23.37
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Appendix D
Cruise: Winter 2017 Date: 07/08/2017 Bottom depth: 4020m
Dom_ain Lat/Long Depth Temp  Salinity NO3 _ PO4 _ P _ Si _ dCd _ pCd _ dzn _ pZn _
(Station) (m) (°C) (PSU)  (umol kg?®) (umolkg?®) (nmolkg?) (umolkg?) (pmolkg?) (pmolkg?) (nmolkg?) (pmolkg?)
oo 30700'S 25 1.79 33.77 26.42 1.91 12.91 25.11 526.59 17.68 2,20 106.21
30°00'E 50 1.79 33.77 26.58 1.87 - 26.94 518.58 - 2,73 -
75 1.78 33.77 26.81 1.88 13.66 27.27 487.17 20.73 3,52 138.83
100 1.73 33.78 26.76 1.89 12.37 26.56 477.24 21.16 2,19 114.89
150 1.43 34.02 31.29 2.06 4.67 32.84 673.21 9.05 3,55 41.89
200 1.66 34.19 34.63 2.37 4.78 45.20 839.74 8.67 6,00 45.61
250 2.03 34.33 36.56 2.57 4.29 55.86 898.83 6.03 4,86 32.99
300 2.09 34.40 37.36 2.54 3.62 63.80 858.83 5.12 6,55 57.54
400 2.24 34.52 36.64 2.55 4.50 71.58 844.54 2.61 6,70 36.22
500 2.27 34.60 35.25 2.52 2.40 75.30 800.73 1.25 6,21 32.13
600 2.27 34.65 34.93 2.47 1.69 79.12 756.07 1.03 6,00 271.22
700 2.19 34.68 34.24 2.45 2.49 81.95 776.71 0.86 6,72 53.17
800 2.15 34.70 33.45 2.43 1.56 81.07 731.98 0.50 5,90 26.01
900 2.11 34.73 32.72 2.33 2.07 80.19 676.50 0.50 6,14 26.95
1000 2.14 34.75 31.51 2.21 1.81 79.07 620.54 1.01 6,79 37.45
1250 1.95 34.77 30.74 1.94 1.40 78.35 597.25 0.58 6,24 21.73
1750 1.35 34.74 32.16 2.11 1.18 97.72 641.77 - - 25.04
2000 1.13 34.73 32.56 2.21 2.08 103.28 648.59 0.44 8,39 26.68
2500 0.76 34.70 33.38 2.27 153 117.35 697.08 0.07 8,30 27.91
3000 0.47 34.69 34.20 2.23 1.90 126.77 752.55 0.50 9,01 47.06
3500 0.09 34.67 34.15 2.17 1.44 132.22 763.28 0.22 9,12 34.02
Max. 2.27 34.77 37.36 2.57 13.66 132.22 898.83 21.16 9,12 138.83
Min. 0.09 33.77 26.42 1.87 1.18 25.11 477.24 0.07 2,19 25.04
MLD (127m) 1.70 33.82 27.57 1.92 10.90 27.75 536.56 17.16 2,84 100.46
Surface (<500m) 1.88 34.11 31.83 2.21 7.02 45.05 692.55 10.26 4,45 67.37
Inter (500-1500m) 2.16 34.70 33.26 2.34 1.92 79.29 708.54 0.82 6,29 32.95
Deep (>1500m) 0.76 34.71 33.29 2.20 1.62 115.47 700.65 0.31 8,71 32.14
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Appendix D
Cruise: Winter 2017 Date: 07/06/2017 Bottom depth: 5530m
Dom_ain Lat/Long Depth Temp  Salinity NO3 _ PO4 _ P _ Si _ dCd _ pCd _ dzn _ pZn _
(Station) (m) (°C) (PSU)  (umol kg) (umol kg?®) (nmol kg?) (umolkg?) (pmolkg®) (pmol kg?) (nmolkg?) (pmol kg?)
oo 36700'S 25 0.50 33.97 28.74 1.93 12.82 42.91 777.04 16.63 419 115.48
30°00'E 50 0.50 33.97 28.83 1.97 9.36 42.43 735.02 15.43 3,42 147.31
75 0.51 33.97 28.51 2.01 8.99 43.24 751.37 14.59 3,38 96.01
100 0.51 33.97 28.94 1.99 7.59 45.57 768.26 10.04 8,43 98.34
150 0.90 34.18 32.87 2.19 8.04 56.73 1009.08 8.04 6,22 71.84
200 1.45 34.38 35.69 2.17 3.75 69.74 1159.39 4.27 6,37 59.48
250 1.85 34.49 35.96 2.19 3.69 73.71 1122.32 4.87 6,95 87.68
300 171 34.51 36.40 2.24 3.38 78.68 1013.86 3.79 5,87 49.28
400 1.81 34.60 35.78 2.28 6.29 83.56 1068.49 2.78 11,57 35.30
500 1.77 34.65 35.05 2.24 2.74 88.71 1039.87 1.95 7,03 32.12
600 1.84 34.69 34.05 2.24 2.58 89.39 986.99 1.21 6,06 33.86
700 1.69 34.70 33.46 2.14 1.51 91.83 935.20 0.74 6,76 46.42
800 1.89 34.74 33.12 2.03 3.52 91.18 797.58 0.49 6,83 34.13
900 1.75 34.74 32.48 1.80 1.75 89.90 825.20 0.39 10,56 20.98
1000 1.64 34.75 32.14 1.97 1.64 90.04 826.05 0.53 5,84 25.45
1250 1.40 34.74 32.16 2.00 3.52 97.99 814.95 0.32 6,52 25.05
1750 0.85 34.71 33.35 1.99 1.96 114.90 860.48 0.42 6,32 31.21
2250 0.51 34.69 34.49 2.11 1.40 124.07 915.49 0.19 8,18 28.94
2750 0.29 34.68 34.59 2.21 1.25 129.32 952.67 0.49 8,46 22.94
3500 0.05 34.67 34.58 2.17 1.33 129.21 941.78 0.34 8,09 90.80
Max. 1.89 34.75 36.40 2.28 12.82 129.32 1159.39 16.63 8,46 147.31
Min. 0.05 33.97 28.51 1.80 1.25 42.43 735.02 0.19 3,38 20.98
MLD (160m) 0.58 34.01 29.58 2.02 9.36 46.18 808.15 12.95 513 105.80
Surface (<500m) 1.15 34.27 32.68 2.12 6.67 62.53 944.47 8.24 5,43 79.28
Inter (500-1500m) 171 34.72 33.21 2.06 2.46 91.29 889.41 0.81 6,60 31.14
Deep (>1500m) 0.42 34.69 34.25 2.12 1.48 124.38 917.61 0.36 7,76 43.47

155



Stellenbosch University https://scholar.sun.ac.za

Appendix D
Cruise: Winter 2017 Date: 07/06/2017 Bottom depth: 5473m
Dom_ain Lat/Long Depth Temp  Salinity NOs _ PO4 _ P _ Si _ dCd _ pCd _ dzn _ pZn _
(Station) (m) (°C) (PSU)  (umol kg™ (umol kg?) (nmolkg?) (umol kg?) (pmolkg?®) (pmolkg?) (nmolkg?) (pmol kg?)
ool S800'S 25 0,06 34,00 28,55 1,78 6,63 46,79 697,93 8,54 3,08 77,36
30° 00' E 50 0,06 34,00 28,46 1,76 - 45,62 678,40 - 3,12 -
75 0,06 34,00 28,65 1,80 9,13 44,73 735,85 13,98 3,72 112,21
100 0,06 34,00 28,04 2,00 8,57 53,35 733,61 9,55 6,62 136,67
150 0,03 34,01 28,16 1,91 9,84 49,63 764,68 13,61 3,58 128,78
200 0,63 34,41 34,52 2,14 3,88 77,55 1093,80 4,77 4,86 51,69
250 0,79 34,49 35,19 221 4,27 84,75 109181 6,76 6,66 81,98
300 1,02 34,55 35,23 2,24 3,21 86,42 1116,37 22,41 10,63 110,14
350 1,29 34,62 35,06 2,34 3,27 91,97 1067,33 3,22 6,22 58,99
400 1,35 34,64 34,97 2,35 3,31 96,24 1028,63 3,89 6,73 53,95
450 1,36 34,66 34,67 2,35 4,89 97,45 1002,19 1,91 6,68 33,72
500 1,32 34,67 34,62 2,34 2,19 98,61 920,81 1,57 6,86 29,15
550 1,38 34,69 34,16 2,26 12,86 99,14 - 8,11 - 128,41
650 1,34 34,71 33,60 2,20 - 101,33 907,75 - 5,86 -
750 1,09 34,70 33,79 221 3,07 105,06 962,25 0,81 731 64,49
1000 0,89 34,70 34,10 2,11 3,08 111,84 991,42 0,61 6,79 25,10
1250 0,65 34,69 34,14 2,14 1,70 114,82 957,14 0,31 6,76 24,36
1500 0,54 34,69 34,57 2,24 1,49 122,50 947,79 0,31 7,54 24,45
Max. 1,38 34,71 35,23 2,35 9,84 122,50 1116,37 13,98 7,54 136,67
Min. 0,06 34,00 28,04 1,76 1,49 44,73 678,40 0,31 3,08 24,36
MLD (161m) 0,05 34,00 28,37 1,85 8,54 48,02 722,09 11,42 3,37 113,76
Surface (<500m) 0,62 34,34 32,18 2,10 5,38 72,76 910,95 6,78 5,15 76,45
Inter (500-1500m) 1,03 34,69 34,14 221 231 107,61 947,86 0,72 6,85 33,51
Deep (>1500m) - - - - - - - - - -
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