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Abstract. In this study we investigated the distribution of dissolved and particulate zinc (dZn and pZn respectively) and

its isotopes in the Subantarctic Zone as part of a Geotraces Process voyage. dZn and pZn depth profiles contrasted each
other, with dZn showing depletion within the euphotic zone while pZn profiles showed enrichment. Fitting a power law
equation to the pZn profiles produced an attenuation factor of 0.82, which contrasted values for particulate phosphorus,

cadmium and copper. The results indicate that zinc has a longer regeneration length scale than phosphorus and cadmium,
but shorter than copper. The differential regeneration of pZn relative to that of particulate phosphorus likely explains why
dZn appears to have a deeper regeneration profile than that of phosphate. The dZn isotope (d66Zndissolved) profiles collected
across the Subantarctic Zone showed differing profile structures. For one station collected within an isolated cold-core
eddy (CCE), d66Zndissolved showed surface enrichment relative to deep waters. The corresponding pZn isotope profiles
within the CCE did not show enrichment; rather, they were subtly depleted in surface waters and then converged to similar
values at depth. Zinc isotope fractionation can be explained through a combination of fractionation processes associated

with uptake by phytoplankton, zinc complexation by natural organic ligands and zinc regeneration from particulatematter.
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Introduction

Zinc is an essential micronutrient for phytoplankton because it is
involved in several key enzyme reactions within cells. The
oceanic distribution of zinc is similar to that of silicic acid,

which has puzzled researchers for many years (Bruland et al.

1978; Hunter and Boyd 1999). Recent modelling efforts suggest
that the coupling of these two nutrients may result from: (1)
physical circulation within the Southern Ocean and biogeo-

chemical modification of these waters by diatoms (Vance et al.
2017; de Souza et al. 2018); and (2) biological uptake in the
Southern Ocean coupled with the reversible scavenging of zinc

onto sinking particles (Roshan et al. 2018; Weber et al. 2018).
These modelling studies rely heavily on the concentration and
isotope composition of zinc in the dissolved phase. Further, in

all these modelling scenarios, the Southern Ocean is critical in
determining the initial biogeochemical status of zinc, silicic acid
and phosphate in surface and subsurface waters, which is then
propagated globally by mode and intermediate water masses

(Sarmiento et al. 2004).
The Subantarctic Zone (SAZ) of the Southern Ocean repre-

sents ,50% of the total area of the Southern Ocean and is an

important contributor to the export of nutrients from the

Southern Ocean into the global ocean thermocline. The SAZ

is bound by the Subtropical Front (STF) to the north and the
Subantarctic Front (SAF) and the Polar Front (PF) to the south
(Fig. 1). The SAZ is a major contributor to oceanic uptake of

CO2, with an annual flux .1 Gt C year�1 (Metzl et al. 1999;
Frölicher et al. 2015). Although primary production within the
SAZ makes a major contribution to global CO2 uptake, primary
production in SAZ waters is limited by silica, iron and light

availability (Boyd et al. 1999; Hutchins et al. 2001; Petrou et al.
2011;Westwood et al. 2011). In SAZ surface waters, silicic acid
concentrations typically range between,0.5 and 3 mM (Lourey

and Trull 2001), which are on the cusp of being growth limiting
(Paasche 1973; Franck et al. 2005).

To date, there have only been a handful of studies looking at

zinc cycling in the SAZ. Work by Ellwood (2008), Samanta
et al. (2017) and Butler et al. (2013) for the south-west Pacific
sector of the Southern Ocean all showed depletion of zinc and
silicic in surface waters, with concentrations ranging between

0.06 and 0.36 nmol kg�1. Although these zinc concentrations are
low, there is little evidence to suggest that they are low enough to
limit phytoplankton growth (Ellwood 2004; Butler et al. 2013).

Understanding the processes that affect the cycling of zinc in the
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SAZ is important because this region is where Subantarctic
Mode Water (SAMW) forms and ventilates lower latitudes
(Sarmiento et al. 2004; Sallée et al. 2006).

To date, little work has looked at zinc isotope cycling
between the dissolved and particulate phases (dZn and pZn
respectively). The aim of the work presented here was to
understand the cycling of dZn and pZn in the subantarctic waters

south of Australia. This work forms part of the international
GEOTRACES program.

Materials and methods

Sampling sites

The Southern Ocean Time Series (SOTS) site is located at 478S,
1428E, south-west of Tasmania, Australia (Fig. 1). This has been
a long-term mooring site where biophysicochemical water

column measurements have been made since 1998 and it pres-
ently forms part of the Australian Integrated Marine Observing
System (IMOS). The SOTS site is located on the northern edge

of the SAZ, with typical sea surface temperatures ranging
between ,9 and 138C (Fig. 1; Herraiz-Borreguero and Rintoul
2011). The site is in deep water (.4500 m) and is located on the

western side of the Tasman Rise. Although the site is located on
the northern edge of the SAZ, upper ocean oceanography at the
site can be complex. The oceanographic properties of the site are
generally representative of the Australian sector of the SAZ, but

the site is also affected by Tasman Sea Outflow water, which
forms part of the return flow to the South Pacific super gyre
(Ridgway 2007; Oliver and Holbrook 2014). This westward-

flowing water exhibits some properties of subtropical water
sourced from the Tasman Sea, but is also affected by eddy

circulation near Tasmania that is associated with the westward
leakage of the East Australia Current (Weeding and Trull 2014;
Shadwick et al. 2015). For the present study, the SOTS site was

occupied between 18 and 21 March 2016 and again between 19
and 27 March 2017.

The cyclonic cold-core eddy (CCE) site was studied between
28 March and 3 April 2016 (Fig. 1), with its centre located at

,50.48S, 147.18E. The eddy was,190 km in diameter and was
a stable feature that had formed in mid-February 2016, ,1.28
further south of the sampling site near the SAF (Moreau et al.

2017). After formation, the eddy moved slowly northward
across the northern extension of the SAF with a rotation speed
of 0.527 rad day�1 (Moreau et al. 2017; Patel et al. 2019). The

biogeochemical properties of this eddy differ from external
waters (Moreau et al. 2017; Patel et al. 2019). Because this
eddy became ‘structurally closed’ after development, its ability
to entrain and detrain nutrients, dissolved iron, phytoplankton

and zooplankton was restricted. That is, it behaved much like a
static mesocosm.

The other site of interest was located at 51.908S, 148.518E
within the SAZ and was designated as the ‘SAZ’ site (Fig. 1).
It was located north of the northern extension of the
SAF and is regarded as having biogeochemical properties

typical of the SAZ. The site was sampled between 7 and 11
April 2016.

Equipment cleaning

All equipment used in this study had been extensively acid

cleaned. Typically, sample bottles were soaked for 1 week in
15% aqua regia (HCl : HNO3 3 : 1) reagent grade, rinsed and
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Fig. 1. (a) Bathymetry map showing the locations of the Cold Core Eddy (CCE), Subantarctic Zone (SAZ) and Southern Ocean Time Series

(SOTS) stations. The positions of the Subtropical Front (STF) and the Subantarctic Front (SAF) are also drawn based on data fromOrsi et al. (1995).

(b) Satellite-derived chlorophyll (Chl)-a concentrations for March 2016. Maps were drawn usingM_map (ver. 1.4k, R. Pawlowicz, see www.eoas.

ubc.ca/,rich/map.html).
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then soaked for 1 further week in 2%HNO3.Water used to rinse
bottles was purified using a water purification system

(Millipore, Melbourne, Vic., Australia). The final step in the
process was to fill bottles with 0.5% (w/w) Teflon-distilled
(designated here as ‘t-acid’; Savillex, Minneapolis, MN, USA)

HNO3 (Mattinson 1972) and then double-bag them. Laboratory
plasticware was acid cleaned by heating in aqua regia followed
by heating with 0.5% t-HNO3.

Conductivity, temperature and depth and nutrient sampling

Conductivity, temperature and depth (CTD) profile data and
water samples for nutrient and biological parameters were col-
lected with a winch-lowered package consisting of an SBE

911plus CTD (Seabird, Seattle, WA, USA), a Turner Designs
(San Jose, CA, USA) fluorometer and a 24-bottle SBE 32
Carouselwater sampler (Seabird). Salinitieswere standardised to

standard seawater (Ocean Scientific International Ltd, Ports-
mouth, UK). Samples for macronutrients, phosphate, nitrate,
nitrite, ammonia and silicic acid were collected and analysed at

sea on unfiltered samples using a Seal AA3 segmented flow
system (Seal Analytical, Mequon, WI, USA) following the
procedures outlined by Armstrong et al. (1967) and Wood et al.

(1967). Horizontal CTD profile measurements of the water col-
umnweremade using a towed undulating (0–200m) SBE 911plus
CTD system (TRIAXUS; MacArtney, Esbjerg, Denmark).

Primary production measurements

Net primary production (i.e. 14C uptake rates) were determined

for water column samples collected at six depths from 0 to 100m
(Boyd et al. 2005). These measurements involved spiking
samples with radioactive carbon (NaH14CO3) and incubating

them for 24 h. The light conditions for the six collection depths
were simulated using neutral density screening for each incu-
bator chamber. After 24 h, samples were filtered, rinsed
reducing titanium solution to remove extracellular 14C and

archived for scintillation counting ashore.

Trace metal sampling

Seawater samples for trace metal and isotope determination were

collected using acid-cleaned, Teflon-coated, externally sprung
12-L Niskin bottles attached to an autonomous rosette (Seabird)
equipped with an SBE 911plus CTD unit (Seabird). Upon

retrieval, the Niskin bottles were transferred to a clean container
laboratory. Seawater samples for dissolved trace metal analysis
were filtered through acid-cleaned, 0.2-mm capsule filters (Supor

AcroPak 200; Pall, New York, NY, USA) and acidified with
t-HNO3 to a final pH of#1.8. The sampling protocols followed
recommendations in the GEOTRACES Cruise and Methods
Manual (Cookbook) (http://www.geotraces.org/science/inter-

calibration/222-sampling-and-sample-handling-protocols-for-
geotraces-cruises, accessed 10 November 2015).

Particulate trace metal samples were collected in situ onto

acid-leached 0.2-mm Supor (142-mm diameter) filters (Pall)
using six large-volume dual-head pumps (McLane Research
Laboratories, East Falmouth, MA, USA), deployed at various

water depths. For most profiles, one pump depth was used as a
blank check whereby only 4–8 L of water was pumped through
the filter.

Trace metal analysis

Purification and separation of zinc from the seawater matrix
was performed by solid-phase extraction using chelating ion

chromatography followed by anion exchange chromatography
(Samanta et al. 2016, 2017). For dZn isotope (d66Zndissolved)
determination, seawater samples (2 L) were spiked with a
67Zn–68Zn double spike (3–6 : 1 spike : sample ratio; Samanta
et al. 2016, 2017). Samples were left overnight to equilibrate and
then preconcentrated at a pH of 4.5 by passing them over 0.5-mL

columns packed with Nobias PA Chelate PA1L resin (Hitachi-
Hitech, Tokyo, Japan) at a flow rate of 2mLmin�1. Sampleswere
rinsed with 4 mL of ammonium acetate buffer solution (1%w/w)
followed by elution with 4 mL of 1 M t-HNO3. Samples were

evaporated to dryness and redissolved with 0.5 mL of 6 M t-HCl.
Samples were further purified using the anion exchange proce-
dure described by Poitrasson and Freydier (2005). This procedure

involved loading samples onto ,200-mL columns filled with
cleanedAG-MP1 resin (Bio-Rad, Sydney,NSW,Australia). Salts
and other elements not of interest were eluted from columns by

passing 3 � 1 mL of 6 M t-HCl followed by 3 � 1 mL of 0.5 M
t-HCl. This fraction was saved for iron isotope analysis. Zinc was
eluted from each column by passing 3 � 1 mL of 0.5 M t-HNO3

over the AG-MP1 resin. The collected zinc samples were evap-
orated to dryness and redissolved in 2% (w/w) HNO3.

Particulate samples for trace element and d66Zn determina-
tion were thawed and processed using the acid digestion proto-

col of Eggimann and Betzer (1976), as described by Ellwood
et al. (2015).

Zinc isotopes were determined using a NeptunePlus multi-

collector ICPMS (ThermoScientific, Sydney, NSW, Australia)
with an APEX-IR introduction system (ESI, Omaha, NB, USA)
andwithX-type skimmer cones.At the start of eachmeasurement

session, the instrument was tuned for intensities on mass 62Ni,
63Cu, 65Cu, 64Zn, 66Zn, 67Zn and 68Zn. Samples were analysed in
medium resolution mode in groups of three, bracketed with the
IRMM-3702 standard (Institute for Reference Materials and

Measurements, Geel, Belgium). A 2% (v/v) HNO3 blank mea-
surementwasmade before each sample or standardmeasurement.
All measurements weremade as one block of 45 cycles with a 4-s

integration time. On-peak blank correction of sample isotope
intensities was undertaken by subtracting the average intensity of
the 45 cycle measurements for each of the measured isotopes

from the isotope intensities measured for each blank.
All zinc isotope measurements were collected relative to the

standard reference material IRMM-3702, which is isotopically

indistinguishable from the new zinc standard ‘AA-ETH Zn’
(Archer et al. 2017). The IRMM-3702 standard is offset by
0.30 � 0.05% (s.d) with respect to the Johnson Matthey (JMC)
Lyon standard (Cloquet et al. 2008; Moeller et al. 2012; Archer

et al. 2017). Zinc isotope values were subsequently related to the
JMCLyon standard by adding 0.30% to all our results. Thus, the
d66Zn values are reported using the following equation:

d66ZnJMCLyon
¼ d66Zn=d64Znsample

d66Zn=d64ZnIRMM3702

 !
� 1000þ 0:3 ð1Þ

Zinc isotope reproducibility was tested by processing an in-

house seawater standard multiple times. This standard was
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collected at a depth of 3500 m during the PINTS (‘Primary
productivity induced by Iron and Nitrogen in the Tasman Sea’)

campaign in 2010 from Station P3 (Hassler et al. 2014). Full
processing of the sample produced a mean (�2 s.d.)
d66ZnJMCLyon value of 0.63� 0.02 (n¼ 3), which is isotopically

indistinguishable from the mean (�2 s.d.) value of 0.60 � 0.05
(n ¼ 6) obtained by Samanta et al. (2017; Table 1).

Elemental analysis for dissolved and particulate copper,

cadmium, nickel, manganese, aluminium and phosphorus was
made by removing aliquots from preconcentrated digests
destined for zinc isotope analysis. These were measured by
high-resolution inductively coupled plasma–mass spectrometry

(ICP-MS; Element XR; ThermoScientific) in medium resolu-
tion mode. Iron concentrations were obtained from iron isotope
analysis (M. J. Ellwood, unpubl. data). Blanks associated with

the collection and processing of particulate samples are given in
Tables 1 and 2, along with results for the analysis of an in-house
standard for dissolved trace metals. Overall, the dissolved

results produced in this study are comparable to the results
obtained by Samanta et al. (2017) for zinc, Thompson and
Ellwood (2014) for copper and previous measurements made at
the Australian National University for iron and nickel in 2011.

One-dimensional biogeochemical modelling

The potential processes that affect the distribution of dZn rela-
tive to that of nitrate or phosphate and phytoplankton biomass

were explored using a one-dimensional (1-D) model (Fig. 2).
During the development of the model, we were mindful that
some processes, (e.g. lateral advection) are not parameterised by

the model. Some of the biological processes parameterised
within the model are also simplified. The rationale for using this
1-D model is to explore the relative effect (and interplay) that

processes such as phytoplankton utilisation of zinc, zinc com-
plexation to natural organic ligands and regeneration have on
dZn and pZn isotope profiles. One should be mindful that this
model is not three-dimensional in nature and only extends to

500 m (i.e. it lacks the ability to simulate the global processes).
That said, this 1-Dmodel is a useful tool for exploring processes
that influence the cycling of zinc within the CCE.

The 1-Dmodel is based on themodel developed by Schlosser
et al. (2014) and includes one phytoplankton group and refer-
ences key nutrients, including nitrate, phosphate, zinc and iron

(Fig. 2). Note that the model has an iron component, which will
not be presented in this paper. The model includes mixing,
which supplies nutrients into the euphotic zone and themain loss

process for nutrients and zinc from the euphotic zone (organic
matter export; Fig. 2). The zinc component within the model
also includes complexation to natural organic ligands. In the
model presented, scavenging of zinc from solution and isotope

fractionation associated with this potential process are consid-
ered in a limited number of runs (John andConway 2014;Weber
et al. 2018). We justify this because our model focuses on the

upper water column where zinc predominantly complexes to
natural organic ligands, which will tend to reduce the free Zn2þ

concentration such that scavenging would be a minor compo-

nent of its overall cycling in the upper water column.
As mentioned, the model does not include advection,

which is justifiable for several reasons: (1) vertical advection

(i.e. upwelling) occurs in the Southern Ocean primarily south of
the PF and not in the SAZ and SAF regions examined here

(Speer et al. 2000); (2) zonal advection brings in waters with
similar properties from upstream in the Antarctic Circumpolar
Current (Trull et al. 2001b), and can thus be ignored; and (3)

meridional transport is dominated by northward Ekman trans-
port, and although this does supply nutrients over the annual
mean, in late summer surface concentrations between the SAF

and PF zone are very uniform (Trull et al. 2001a), so this term
can also be ignored.

In the model, phytoplankton production (gphyto) is expressed
as a function of nitrogen biomass. The limiting term (i.e. the

minimum,min) forgphyto is expressed as follows (the definitions
for all symbols and their values are given in Table 3):

gphyto ¼ min
½N �

kphyto:N þ ½N � ;
½P�

kphyto:P þ ½P� ;
½PAR�

kphyto:PAR þ ½PAR�
� �

ð2Þ

In the upper water column, at and above the depth of peak

biomass (i.e. the deep chlorophyll maximum), the regeneration of
nutrients back into solution is expressed as a linear function
relative to biomass. Below this depth the rate of nutrient regener-

ation decreases following the Martin particulate organic carbon
(POC) attenuation expression power law (Martin et al. 1987):

kregen:z ¼ kregen:z0ðz=z0Þb ð3Þ

where z is depth with respect to z0, which was set to depth below
the peak in biomass. This function effectively trends the sinking
particles as transitioning from fresh to refractory with depth. For

simplicity, the model used single values of kregen (0.35 day�1)
and the power law exponent b (0.858; Martin et al. 1987) for all
components. As shown in the results, it is likely that b varies

among elements, and the ramifications of choosing a single
value are explored in the Discussion.

For dissolved inorganic nitrogen (NO3), Eqn 4 and 5 express
its uptake by phytoplankton, its exchange between boxes above

(j) and below (j�2) and its regeneration from phytoplankton
(expressed here as particulate organic nitrogen, PON):

d½NO3�j�1

dt
¼ kmix � ð½NO3�j þ ½NO3�j�2Þ � 2 � kmix � ½NO3�j�1

þ kregen � ½PON�j�1 � gphyto � mmax:phyto � ½NO3�j�1

ð4Þ

Note that the maximum uptake rate mmax.phyto is in units of
nitrogen here, and thus scaling to the observed 14C uptake rates

requires adjustment by the Redfield C :N ratio.
Overall, the change in PON can be expressed as follows:

d½PON�j�1

dt
¼ gphyto � mmax:phyto � ½NO3�j�1 þ ksink � ½PON�j
� ksink � ½PON�j�1 � kregen � ½PON�j

ð5Þ

In this expression (Eqn 5), and for the other particle expres-
sions (Eqn 7, 11; see below), the mixing terms do not appear
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because the sinking rate of particles (at 10mday�1) overwhelms
the mixing (range 1.2–6m day�1) contribution to their distribu-

tions, especially during spring and summer as the mixing term
reduces.

For dissolved inorganic phosphate (PO4), the following
equations express its uptake by phytoplankton to form particu-

late organic phosphorus (POP), its exchange between boxes and
its regeneration from phytoplankton:

d½PO4�j�1

dt
¼ kmix � ð½PO4�j þ ½PO4�j�2Þ � 2 � kmix � ½PO4�j�1

þ kregen � phytoj�1 � gphyto � mmax:phyto
� RN :P:phyto½PO4�j�1

ð6Þ
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Table 2. Particulate trace metal and zinc isotope dataset for samples

collected in 2016 and 2017 at the Cold Core Eddy (CCE) station, the

Subantarctic Zone (SAZ) station and at the SouthernOceanTime Series

(SOTS) station

Note multiple casts are presented for the CCE and SOTS stations. Values for

d66Zn are given as the mean� 2 s.e. for each measurement. Blanks (n¼ 3)

are based filter blanks scaled to the volume of water filtered. ND, not

determined

Depth (m) Zn (pM) d66Zn (%) Cu (pM) Cd (pM) P (nM)

CCE station

Profile 1

40 33 0.29� 0.04 23.3 7.6 13

90 39 0.29� 0.04 34 10.7 19.5

150 12 0.32� 0.04 13.2 1.7 2.9

250 12 0.44� 0.05 15.1 1.5 2.4

500 14 0.31� 0.04 19.9 1.3 2.1

Profile 2

40 33 0.13� 0.06 19 3.2 14.1

90 19 0.22� 0.05 13.8 1.8 7.1

150 13 0.16� 0.05 13 0.5 3.7

250 8 0.49� 0.04 12.2 0.6 2.2

500 7 0.30� 0.07 12 0.8 1.5

SAZ station

40 14 0.67� 0.05 16.4 4.9 11.4

90 17 0.39� 0.05 19.8 6.6 14

150 8 0.07� 0.14 3.2 0.02 0.1

250 7 0.44� 0.06 8.6 0.7 1.8

500 12 0.52� 0.06 13.5 1.0 2.8

SOTS Station 2017

Profile 1

30 22 ND 29 10.9 43.6

70 9 ND 21 4.8 13.1

100 11 ND 20 2.7 8.2

150 13 ND 15 1.9 6.0

300 10 ND 36 2.5 4.4

500 5 ND 13 1.5 3.3

Profile 2

70 5 ND 13 4.2 17.4

100 7 ND 11 1.8 6.8

150 16 ND 14 2.1 5.2

300 6 ND 15 2.2 3.4

500 5 ND 17 0.7 2.3

Blanks 0.58 0.11 , 0.01 0.05
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d½POP�j�1

dt
¼ gphyto � mmax:phyto � RN :P:phyto � ½PO4�j�1

þ ksink � ½POP�j � ksink � ½POP�j�1 � kregen � ½POP�j
ð7Þ

For dZn, the following equation expresses its uptake by
phytoplankton, its exchange between boxes and its regeneration

from particulate matter (Znphyto):

d½Zndissolved �j�1

dt
¼ kmix � ð½Zn�j þ ½Zn�j�2Þ � 2 � kmix � ½Zn�j�1

þ kregen � Znpart:j�1 � gphyto � mmax:phyto
� RN :Zn:phyto½Zn2þ�j�1

ð8Þ

The partitioning of zinc was between complexed and
uncomplexed zinc (i.e. free inorganic zinc, Zn2þ) and was
simulated using the following equation (Ellwood and van den

Berg 2000):

Zn2þ
� �

=½ZnL� ¼ ½Zn2þ�=CL þ 1= CLK
0
ZnLð Þ ð9Þ

which was rearranged to give:

Zn2þ
� �2

aZnK 0
ZnLþ Zn2þ

� �
aZn þ K 0

ZnLCL�CZnK
0
ZnL

� ��CZn¼0

ð10Þ
where the concentration of free zinc [Zn2þ] in seawater was

calculated as [Zn0]¼ aZn[Zn
2þ] and CZn is the total dZn concen-

tration, K0
ZnL presents the conditional stability constant for the

zinc–ligand complex, CL is the total concentration of zinc-

binding ligands in solution and aZn is the coefficient for
inorganic complexation of Zn2þ in seawater. Here K0

ZnL, CL

and aZn were set to 10
10, 1 nMand 2.1 respectively (Ellwood and

van den Berg 2000; Ellwood 2004). Eqn 10 was solved within

each iterative model cycle.
The overall change in particulate zinc concentration can be

expressed as follows:

d Znparticulate
� �

j�1

dt
¼ gphyto � mmax:phyto � RN :Zn:phyto � ½Zn2þ�j�1

þ ksink � Znphyto:j þ kscav:Zn � ½Zn2þ�j�1

� ksink � Znpart:j�1 � kregen:Zn � Znpart:j�1

ð11Þ
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Fig. 2. (a) Schematic representation of the one-dimensional model configuration with dissolved nitrogen (N), phosphorous (P) and zinc (DZn),

particulate Zn (PZn) and particulate N and P as phytoplankton (phyto). (b) Model input of seasonal variations in mixing and photosynthetically active

radiation (PAR). (c–e) Model output of seasonal variations in depth-resolved light penetration (c), phytoplankton concentration expressed as particulate

organic nitrogen in the model (d ) and dissolved nitrate concentration (e).
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For the deepest model box, box j–n, nitrate, phosphate and
dZn were supplied into this box from below. These inputs were
required to balance the loss of PON, POP and pZn associated

with sinking matter that sinks out of this box.
For model runs, we simulated dissolved nitrate, phosphate

and zinc profiles to a depth of 500m with depth intervals of

20m. Seasonality was introduced into the model by varying the
light (photosynthetically activate radiation, PAR) and mixing
component using a cosine function such that the light field

was highest at the summer solstice (22 December) and mixing
was highest during at the winter solstice (21 June), consistent
with deep winter mixing during winter (Fig. 2; Tagliabue et al.

2014).
The model was run to an annual steady state with respect to

the deeper ocean (.250m). The model was ‘calibrated’ to
reference profiles of nitrate and dZn from within the CCE by

adjusting the supply of nutrients into the deepest box, box j–n

(Table 3; Fig. 3).
Isotope fractionation was simulated by applying fraction-

ation factors (a) to the following processes: Zn2þ uptake by

phytoplankton, Zn2þ regeneration from organic matter, Zn2þ

complexation by natural organic ligands and Zn2þ scavenging
from solution. For each of these processes, the fractionation is in

the expected direction for kinetic fractionation (i.e. 64Zn reacts
faster than 66Zn), except for zinc scavenging from solution (John
and Conway 2014). Thus, during uptake, phytoplankton form

with isotopically lighter compositions than the dissolved Zn
substrate, which, in turn, becomes progressively heavier.
Regeneration preferentially releases 64Zn, lightening the dZn

isotope pool and rendering the remnant particle pool isotopically
heavier. Understanding the effect of the ligand complexation
process on dZn and pZn isotope compositions is dependent on

the operational definition of ‘dissolved’. As measured here, the
operational separation of pZn and dZn is by filtration through a
0.2-mm pore size such that the dZn measurement is the sum of
free Zn2þ and ligand-bound zinc. As discussed below, the

ligand-bound component dominates the total dissolved pool,
especially in surface waters. Thus, the Zn2þ released from
ligands and taken up by phytoplankton is lighter than that of

the operationallymeasured dZn, which, in turn, leads to a lighter

Table 3. Input parameters for the one-dimensionalmodel used to generate profiles of dissolved zinc alongwith references to certain parameters used

to constrain the model

CCE, Cold Core Eddy; dZn, dissolved zinc

Symbol Description Units Value Reference and notes

phyto Phytoplankton biomass mM (N)

N Dissolved inorganic nitrate (DIN) mM
P Dissolved inorganic phosphate (DIP) mM
DZn Dissolved inorganic zinc nM

POP Particulate organic phosphorus mM
PZn Particulate inorganic zinc nM

PAR Photosynthetically active radiation mmol (photons) m�2 s�1 10 This represents the average summertime value

between 0 and 20m for the first box; PAR was

adjusted to simulate a seasonal light cycle

mmax.phyto Maximum overall phytoplankton growth

rate

day�1 0.1A Adjusted to simulate the low productivity in Southern

Ocean waters as a result of iron limitation (Strzepek

et al. 2012)

kphyto.N Phytoplankton biomass DIN half-

saturation constant

mM 0.025 Harrison et al. (1996), Raimbault and Garcia (2008)

kphyto.P Phytoplankton biomass DIP half-

saturation constant

mM 0.01 Ammerman et al. (2003)

kphyto.PAR Phytoplankton biomass PAR half-

saturation constant

mmol (photons) m�2 s�1 10

kmix Water exchange rate between boxes m day�1 1.2–6 Variable; mixing was adjusted to simulate a seasonal

mixing cycle

ksink Sinking rate for particulate matter m day�1 10

kregen Regeneration rate for particulate nitrogen,

phosphorus and zinc

day�1 0.35B

kscav.Zn Scavenging rate for [Zn2þ] from solution day�1 0 or 0.0001 For most experiments, the values were set to 0

Nj–n DIN input flux into box j–n mmolm�2 day�1 0.048 Adjustable

RN.P.phyto Uptake ratio for phosphate : nitrate by

phytoplankton

mol :mol 0.0625

RZn.N.phyto Uptake ratio for uncomplexed inorganic

zinc : nitrate by phytoplankton

mmol :mol 32 Adjusted to mimic the dZn profile in the CCE

N.Zn.DW Deep water N : Zn input flux supply ratio mol :mmol 6 Adjusted to mimic the dZn profile in the CCE

N.P.DW Deep water N : P input flux supply ratio mol :mol 16

APhytoplankton mortality was taken from Schlosser et al. (2014) incorporated into cellular growth rates.
BThis rate was held constant to the depth at which the peak biomass occurs. Below this depth the rate of regeneration decreasedwith depth following theMartin

POC regeneration expression (Eqn 3).
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pZn isotope composition that would arise without the influence
of ligand complexation.

Finally, special treatment is applied to the top and bottom

boxes in the model. At the top, no flux enters from above. At the
bottom, particles are allowed to exit the j–n box, and this is
balanced by an upward supply flux of dZn and nutrients into this

box. The isotope composition of the upward supply zinc is set to
match the value of 0.45%measured for the deep SouthernOcean.

Results and discussion

Hydrography

The SOTS, CCE and SAZ stations were physically and chemi-
cally distinct (Fig. 1). The SOTS station is located along the
northern edge of the SAZ close to the STF. The surface water
temperature at SOTS was 12.68C, salinity was 34.7 and nitrate

and silicate concentrations were 4.5 and 1.6mM respectively
(Fig. 4), all typical of northern SAZ water properties (Rintoul
and Trull 2001). The upper water column also experiences

frequent incursions for subtropical water. Below the surface,
SAMW and Antarctic Intermediate Water (AAIW) are present
at depths of approximately 200–400 and 600–1200m respec-

tively (Fig. 4).
The CCE station was located at 50.48S, 1478E within the SAZ

(Fig. 1). However, the surface water temperature was 7.28C,
salinity was 33.8 (Fig. 5) and nitrate and silicate concentrations
were 22 and silicate was 3.3mM respectively, all typical of polar
waters located further south of the northern extension of the SAF

(Moreau et al. 2017; Patel et al. 2019). Satellite analysis revealed
that the eddy had formed in early February 2016 and moved
northward ,1.28 of latitude at the time of sampling (Patel et al.

2019). Satellite analysis of the eddy also revealed that it had a
lower chlorophyll concentration than surrounding waters, consis-
tent with its development further south in less-productive polar
waters (Fig. 1, 5). Below the surface, AAIW appear to be present

at depths between,300 and 800m within the eddy (Fig. 4).
The SAZ station was located south-east of the CCE station

within the SAZ (Fig. 1). The surface water temperature for the
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SAZ station was 9.28C, salinity was 34.3 and nitrate and silicate
concentrations were 14.5 and 1.3mMrespectively (Fig. 4), again

consistent with SAZ water properties (Rintoul and Trull 2001).
Subsurface SAMW and AAIW were present at depths between
,200 and 1200m (Fig. 4).

Biological and nutrient data

Aqua moderate-resolution imaging spectroradiometer
(MODIS) satellite chlorophyll images reveal higher con-

centrations of chlorophyll at the SOTS and SAZ stations that at
the CCE station (Fig. 1). Primary production rates between the
three sites also varied, with the CCE station having the lowest
rates, whereas the SOTS station had the highest (Fig. 6). The

rates of primary production across all stations are consistent
with previous measurements made for the region south of
Australia (Boyd et al. 1999; Westwood et al. 2011).

The decline in the rate of primary production between
stations (SOTS. SAZ.CCE) matched the decline in the
dissolved iron concentration between stations within the upper

water column (15–70m) with mean (�s.d.) values of 61� 4,
48� 12 and 21� 3 pmol kg�1 for the SOTS, SAZ and CCE
stations respectively (Table 1). The low rates of primary

production within the CCE were matched by higher transmis-
sivity (lower particulate mass within the water column) and
lower TRIAXUS chlorophyll fluorescence than surrounding
waters (Fig. 5). Our results are consistent with the prevalence

of iron limitation in subantarctic and polar waters south of
Australia (Boyd et al. 1999; Sedwick et al. 1999).

Upperwater column concentrations for phosphate and nitrate

showed varying degrees of depletion, with the SOTS station
having the lowest surface water concentrations and the CCE
station the highest (Fig. 7). Conversely, silicate was depleted at

all three stations.

Concentrations of dZn and pZn

dZn concentrations for the three stations ranged between 0.21 and

5.06 nmol kg�1 across a depth range of 15–1500m (Table 1;
Fig. 7), with zinc depletion in surface waters and increasing zinc
concentrations with depth. The zinc profiles, along with other

dissolved profiles for iron, copper, nickel, cadmium and alu-
minium, were all oceanographically consistent, suggesting that
contamination during sampling and analysiswasminimal. For the

CCE profile, there was a ‘step’ in the dZn concentration profile
between 200 and 300mwherein the zinc concentration decreased
from 1.21 to 0.9 nmol kg�1. This ‘step’ in zinc concentration
paralleled a step-wise increase in the concentration of dissolved

iron and aluminium and a slight decline in the concentration of
dissolved copper, and is coincident with a change in water mass
between 200 and 300m within the CCE (Fig. 7). Analysis of

temperature and salinity depth profiles for the CCE indicates that
there is a change in the physical properties at ,270m with the
intrusion of water with slightly elevated temperature and salinity

(Fig. 4). This ‘intruding’ water has a lower zinc concentration.
pZn profiles were obtained for the CCE and SAZ stations,

and for at the 2017 SOTS occupation. The concentrations of pZn
varied between 0.1 and 19.5 pmol kg�1 across a depth range of
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40–500m, decreasing with depth and thus exhibiting trends
opposite to the dZn profiles. The change in pZn concentration
with depth is similar to that for particulate phosphorous (Fig. 8).

Cadmium and copper, two metals that are also biologically used
by phytoplankton, both showed enriched concentrations in the
euphotic zone (Fig. 8). The particulate profiles for cadmium and

copper present a nice contrast to that of zinc because dissolved
cadmium is generally not expected to be scavenged from
seawater, whereas dissolved copper is believed to be scavenged
from seawater even though it is organically complexed. This

leads to its ‘hybrid’ profile structure, with partial depletion in
surface waters and an increase in concentration with depth
(Bruland and Lohan 2003).

The attenuation of zinc with depth was modelled using the
Martin equation:

½PZnz� ¼ PZn70m=90m

� � z

70m=90m

� 	�b

ð12Þ

where [PZnz] represents the particulate zinc concentration at
depth z, [PZn70 m/90 m] represents the particulate zinc concen-
tration close to the base of the mixed layer at either 70 or 90m

and b represents the vertical attenuation factor. It should be
noted that this equation was developed to model the sinking flux
for particulate organic carbon and other various elements
(Martin et al. 1987; Boyd et al. 2017), whereas we have used

it to fit the attenuation profiles of suspended and sinking zinc,
phosphorous, cadmium and copper concentration v. depth. That
is, the suspended particle pool is dominantly produced by the

attenuation of the sinking flux (Bishop 1989), with little effect of
mixing. The vertical attenuation factor obtained for zinc (0.82)
is less than the attenuation factors for phosphorous (2.41) and

cadmium (2.41), but more than that of copper (0.28; Table 4).
When normalised against phosphorous, attenuation factors for
zinc, cadmium and copper are comparable to those compiled by

Boyd et al. (2017). This sequence indicates that zinc has a longer
regeneration length scale than phosphorous and cadmium, but
less than that of copper (Fig. 8). That is, the regeneration of zinc
is slower than that of phosphorous and cadmium but faster than

that of copper. These differences in the regeneration length scale
reflect the release of these metals and phosphorous from
suspended and sinking cells and detrital matter. For example,

zinc is used in zinc-finger proteins associated with RNA and
DNA expression, carbonic anhydrase and alkaline phosphatase,
all of which have different affinities for zinc (Twining et al.

2014). By contrast, phosphorous is a significant component of
RNA and DNA, membrane phospholipids, low molecular
weight water-soluble phosphate esters and metabolically active

inorganic orthophosphate (Raven 2013). These differences in
the regeneration of these two elements will also be reflected in
the zinc : phosphorus ratio v. depth.

A plot of the zinc : phosphorus ratio v. depth revealed an

increase in the ratio with increasing depth (Fig. 8). This contrasts
with the results of Twining et al. (2014), who observed no
significant change in the zinc : phosphorus ratio v. depth for

material sinking from a diatom-dominated phytoplankton
bloom from subtropical waters. Because the sampling at the
SOTS, CCE and SAZ sites occurred late in the growing season,

the phytoplankton community was primarily dominated by
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small prokaryote and eukaryote phytoplankton, which may
explain the difference between these two studies.

The differential regeneration of zinc relative to phosphorus
should also be reflected in the dissolved phase for these two

elements, whereby it is expected that the increase in dZn
concentrationwith depth should be lower than that of phosphate.
A plot of zinc v. phosphate shows curvature where the slope for

the relative change in the dZn and phosphate concentration

(DZn/DP) increaseswith depth (Fig. 9), which can be interpreted
as faster phosphorus regeneration relative to zinc.

Recent ocean modelling work of the biogeochemical zinc

cycle used a range of approaches to simulate its cycling. In
general, the uptake and regeneration of zinc in these models is
tied to that of phosphorus (Vance et al. 2017; de Souza et al.
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Table 4. Vertical attenuation factors (b factors) for zinc, cadmium,

copper and phosphorus obtained for model fits of the particulate data

obtained at the Cold Core Eddy, Subantarctic Zone and Southern

Ocean Time Series stations

Model fits of the particulate data were undertaking using a least-squares

fitting routine to the Martin power law equation for the vertical attenuation

of each particle element concentration v. depth. ND, no data. Values for

Boyd et al. (2017) data are �1 s.d.

Zn Cd Cu P

Present study 0.82 2.41 0.28 2.04

Scaled to P 0.40 1.18 0.14 1.00

Boyd et al. (2017) 0.77� 0.34 ND 0.09� 0.38 0.88� 0.48

Boyd et al. (2017) scaled to P 0.88 ND 0.10 1.00
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2018; Roshan et al. 2018; Weber et al. 2018). Our modelling
results also show that there is a decoupling between zinc

and phosphate (and nitrate) cycling resulting from differences
in the stoichiometric Zn : P uptake ratio relative to the deep-
water Zn : P supply ratio (Fig. 9; Sunda and Huntsman 1992).

This decoupling is likely to be amplified by differences in
the regeneration length scale between these two elements:
in most models, the regeneration rate of these two elements

is assumed to be similar (e.g. Vance et al. 2017). Our field
results suggest that this is not quite the case; rather, we find that
zinc is less labile than phosphorous, leading to a longer
regeneration length scale. These differences in regeneration

length scales may seem small, but they strongly affect the
biogeochemical coupling, or the lack thereof, for these two
elements.

Zinc isotope analysis

The isotope composition of dZn (d66Zndissolved) varied between
0.21 and 0.93%, with most of the variability occurring in the

upper water column at the CCE station, where values ranged
from 0.93 to 0.33% between depths of 40 and 200 m
(Fig. 10, 11). For the other two stations, d66Zndissolved showed
less variability, with values ranging between 0.32 and 0.54% at
depths between 40 and 200 m. Mean (�2s.d.) deep-water
($1000 m) values for d66Zndissolved were 0.46 � 0.06,

0.44 � 0.11 and 0.40 � 0.08% for the CCE, SAZ and SOTS
stations respectively. These deep-water values are consistent
with other Southern Ocean deep-water ($700m)measurements
(e.g. Wang et al. 2018), where mean (�2s.d.) d66Zndissolved was
0.40 � 0.05% (n ¼ 13).

The d66Zndissolved values measured at the SOTS station
between 300 and 1000 m were isotopically lighter than mea-

surements made across the same depth range at the other two
stations (Fig. 10). That said, these lower d66Zndissolved values at
the SOTS station were consistent with measurements made by

Samanta et al. (2017) across a similar depth range for a station
located east (Station P3; located at 46.28S, 159.58E) of the SOTS
site, but at a similar latitude. This light d66Zndissolved signal at the
SOTS station may represent the influence the Tasman Sea
Outflow (Oliver and Holbrook 2014), which forms part of the
South Pacific super gyre (Ridgway 2007).

The isotope composition of particulate zinc (d66Znparticulate)
varied between 0.07 and 0.67% (Fig. 11). For the CCE station,
d66Znparticulate values were lighter in the upper water column and
increased to values ,0.44% at a depth of 250 m. These lighter

d66Znparticulate values occur within the euphotic zone (40 m)
when d66Zndissolved is isotopically heavy, suggesting that uptake
of isotopically light zinc by cells (John et al. 2007; Samanta

et al. 2017) resulted in the dZn pool becoming isotopically
heavy (Fig. 11).

By contrast, d66Znparticulate values for the SAZ site profile
varied between 0.07 and 0.67%, with the minimum occurring at

150 m below the euphotic zone (Fig. 11). This minimum occurs
at the transition from higher to lower nitrate and ammonia
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concentrations, which is indicative of particulate organic
matter regeneration (Fig. 7). Below 150 m, mean (�2s.d.)

d66Znparticulate increases to values near the deep-water average
of 0.44 � 0.11% for the SAZ site. Note that we did not collect
particulate samples during the 2016 SOTS site occupation, so

we do not have d66Znparticulate values to compare with the
d66Zndissolved profile obtained at this site.

Upper ocean d66Zndissolved fractionation

Observations

The upper water column values (0–100 m) within the CCE
and at the SAZ station revealed an increase in d66Zndissolved
values with increasing dZn concentration. The d66Zndissolved
distribution is consistent with preferential loss of 64Zn through
uptake by phytoplankton accompanying the observed surface

deficit of dZn concentrations. To explore this further, we plotted
d66Zndissolved against ln[Zn] for the CCE because it is essentially
a closed system with regard to the surrounding waters, thus
allowing us to use a closed-systemRayleigh fractionationmodel

to model the data (Fig. 12). Fitting the model to the d66Zndissolved
data produced a mean (�s.d.) fractionation factor (a) of
0.999 33� 0.000 04 (e ¼ �0.67%) for samples collected within

the euphotic zone (0–100m). Interestingly, the d66Znparticulate data
did not conform to either the instantaneous or expected integrated
fractionation process associated with the closed-system model

(Fig. 12). The expectation is that as dZn is depleted and
d66Zndissolved increases towards the surface, d66Znparticulate will
also increase for both the instantaneous product (for which
d66Znparticulate should track d66Zndissolved with a constant offset

of �0.67) and for the accumulated product (Fig. 12). Instead,
d66Znparticulate varies little with changes in dZn concentration.

The primary production profiles offer a possible explanation for
this discrepancy: because pZn is generated primarily in the

euphotic zone at depths less than 50 mwhere primary production
is highest (Fig. 6), the difference in the d66Znparticulate and
d66Zndissolved distributions is driven by the different mechanisms

of their vertical redistribution. Hence, the d66Znparticulate signature
is distributed downwardwithoutmodification by sinking,whereas
changes in the d66Zndissolved with depth (or dZn concentration)

across the euphotic likely represents a mixing curve.
Below the depth of maximum biomass (i.e. below,100 m),

the d66Znparticulate signature increases subtly (Fig. 11). One
interpretation is that this occurs as a result of remineralisation,

which preferentially releases 64Zn so the remaining pZn pool
becomes heavier and, correspondingly, the d66Zndissolved pool
becomes lighter where they converge near 250m (Fig. 12).

We tested this idea with our 1-D model.

1-D modelling

The changes in d66Zndissolved between 0 and 100 m, resulting
in the apparent e of�0.67%, could be a consequence of several

processes including: (1) complexation to natural organic
ligands; (2) biological fractionation within the euphotic zone;
and (3) isotope fractionation upon zinc regeneration from

organic matter. Here we explore these processes further in the
1-D model by running it over a yearly cycle to mimic the
seasonal conversion of dZn to pZn within the euphotic zone

followed by the remineralisation of pZn at depth. Data were then
extracted data close to the time of sampling of the CCE.

It has been argued that the fractionation of zinc isotopes in
phytoplankton culture studies results from its partitioning

between inorganic and organic complexes (e.g. by EDTA,
which is used to buffer the inorganic zinc concentration of the
medium; John et al. 2007). Zinc-EDTA isotope fractionation is

,0.3% between complexed and Zn2þ with the zinc-EDTA
being isotopically heavy (Ban et al. 2002; Ding et al. 2010;
Marković et al. 2017). In seawater, zinc speciation is dominated

by its complexation with natural organic ligands (Bruland 1989;
Ellwood and van den Berg 2000; Ellwood 2004) with ligand
concentrations ranging between 1 and 2 nM. Using a natural

ligand concentration for the subantarctic waters of 1 nM with a
conditional stability constant of 1010 (Ellwood 2004), we found that
complexation results in d66Zndissolved (which reflects the sum of the
ligand-bound and free Zn2þ components) becoming isotopically

heavy in surface waters when using a value of ecomplexation¼ 0.3%
(d66ZnZn2þ – d66Zndissolved; acomplexation ¼ 1.0003). However, the
extent of the change in both d66Zndissolved and d

66Znparticulate did not

match our observations particularly well for the time of sampling of
the CCE (Fig. 13).

Zinc isotope fractionation can also occur during Zn2þ uptake

by phytoplankton (John et al. 2007; Köbberich and Vance 2017;
Samanta et al. 2018). Using fractionation factors of
euptake¼�0.3% (d66Zndissolved – d

66Znparticulate; auptake¼ 0.9997)
or �0.67% (Fig. 12) for zinc uptake by phytoplankton,

d66Zndissolved becomes isotopically heavy in surface waters of
the model. However, the extent of change in both d66Zndissolved
and d66Znparticulate did notmatch our observations well; rather, the

model simulation was isotopically heavy compared with the field
data (Fig. 13).
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Fig. 12. Plot of the isotope composition for dissolved and particulate zinc

plotted against dissolved zinc concentrations depth for the Cold Core Eddy.

The dissolved zinc isotope fractionation factor (a) was obtained by fitting the
following equation: d66Zndissolved ¼ d66Zn100 m – eln( f ), where e is the

isotope fractionation factor between the product (biologically used zinc)

and the substrate (dissolved zinc) and f is dissolved zinc between 15 and

100 m divided by the dissolved zinc concentration at 100 m. The

instantaneous production model curve was produced using the

equation d66Znparticulate ¼ d66Zndissolved þ e, whereas the integrated model

curve was produced using the equation d66Znparticulate ¼ d66Zn100 m

– eln(f � ln( f ) C (1 – f )). A binary mixing line is also shown for samples

collected within the upper 100 m.
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We simulated the effect of fractionation associated with both
zinc complexation with natural organic ligands and Zn2þ uptake

by phytoplankton using ecomplexation set to 0.3% and
euptake ¼ �0.3%. The combined influence of these process
produced a d66Zndissolved that was similar in structure to the
measured values for the CCE station (Fig. 13). However, the

modelled d66Znparticulate did not fit the measured data

particularly well for the time of sampling of the CCE. Indeed,
the measured data are subtly lighter within and below the

euphotic zone, whereas the modelled data remain close to the
deep-water input value.

Experimentation with the 1-D model revealed that including
fractionation of zinc upon its regeneration from particulate

organic matter improved the best fit to the CCE dataset. Setting
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a value for eregeneration to �0.15% (d66Znparticulate –
d66Zndissolved; acomplexation ¼ 0.99985) in combination with

ecomplexation and euptake values of 0.3 and �0.3% respectively
produced the best fit to the measured values for both
d66Zndissolved and d66Znparticulate datasets (Fig. 13). That is, it

appears that the combined effect of zinc isotope fractionation
occurs as a result of complexation with natural organic ligands,
zinc uptake and zinc regeneration from sinking particulate
organic matter. These 1-D model results also confirm that

sinking can redistribute the d66Znparticulate signature so that it
is homogeneous above 150 m. It also confirms that reminer-
alisation can cause the d66Zndissolved and d66Znparticulate signa-
tures to converge at depths between 150 and 250 m (Fig. 14d).

Using a 1-D model, John and Conway (2014) were able to
demonstrate that the scavenging (ascavenging ranging between

1.00058 and 1.001) of zinc from solution onto particles can lead
to a light d66Zndissolved composition and heavy d66Znparticulate
composition. This is akin to what we model for zinc being

regenerated for sinking particulate matter (Fig. 15). We found
the role of scavenging is weak in the upper portion of the profile
as a result of zinc complexation with natural organic ligands,
which reduces the concentration dissolved free zinc available to

be scavenged. Note that the model of John and Conway (2014)
did not include organic complexation of zinc, so its effect in their
model was not tested. As our results show (Fig. 15), a combina-

tion of processes can reproduce the structure seen for the in-eddy
d66Zndissolved and d66Znparticulate profiles, without the specific
requirement for scavenging. Indeed, zinc isotope fractionation

during organic matter regeneration needs to be considered in
global-scale models along with differential zinc regeneration
relative to the release of nutrients from sinking particles.

The nutrient and zinc concentrations and isotope distribu-

tions should be considered as reflecting autumn conditions for
phytoplankton production, export and remineralisation. Our 1-D
model runs show that phytoplankton production, export and

remineralisation vary seasonally and that the isotope signatures
of dZn and pZn zinc are dynamic (Fig. 14). Interestingly, the
period when d66Zndissolved and d66Znparticulate signatures do

diverge and show Rayleigh-like fractionation characteristics is
during the initial phytoplankton development between August
and September (Fig. 14). This occurs as a result of strong winter

mixing, which resets water column biogeochemistry to near
deep-water values and low particulate production during winter

months as a result of light limitation. These two factors,
combined with the remineralisation and vertical redistribution
of the low number of particles present during winter, allow the

system to be reset to conditions comparable to a ‘classic’ closed
system.

Overall, our work shows that the d66Zn signature for both the
dZn and pZn phases is affected by chemical (complexation),
biological (uptake and regeneration) and physical (mixing and
particle sinking) processes that, combined, influence the dis-
solved and particulate isotopic fields. Zinc scavenging onto

particles appears to play a minor role in setting the d66Zn
signature for both dZn and pZn when zinc-complexing ligands
are undersaturated. It is only through the use of a model, which

included seasonality, that we could evaluate the relative impor-
tance of these processes.

Conclusions

Profiles of dZn concentration v. depth collected at three stations

located in the SAZ showed depletion in surface waters and
enrichment at depth. By contrast, profiles of pZn concentration
v. depth profiles showed enrichment within the euphotic zone,
followed by a decline in concentration with depth. The structure

of the pZn concentration profile was similar to that of particulate
phosphorus and cadmium, but contrasted that of copper.
Modelling of these particulate profiles produced variable

vertical attenuation factors of 0.82, 2.04, 2.41 and 0.28 for
zinc, phosphorus, cadmium and copper respectively. Our
results indicate that zinc has a longer regeneration length scale

than phosphorus and cadmium, but a shorter one than copper.
These differences likely help explain differences in the struc-
tures of the dissolved concentration v. depth profiles for these
elements.

Profiles of d66Zndissolved v. depth showed enrichment
(mean � 2 s.e., 0.93 � 0.04%) in surface waters relative to
deep (.1000 m) waters (0.46 � 0.06%) for the CCE station.

Because of its isolated nature, the d66Zndissolved from the CCE
station likely retains the signals of isotope fractionation,
whereas at the SOTS and SAZ stations these may have been

lost or diluted through physical processes such as mixing. Using
a 1-D model, we showed that the isotopic structure of the
d66Zndissolved and d66Znparticulate profiles from the CCE station

can be explained by the combined effects of isotope fraction-
ation associated with uptake by phytoplankton, complexation of
zinc with natural organic ligands and the regeneration of zinc
from particulate matter. It appears that the role of scavenging is

minor in the upper ocean where zinc complexation dominates.
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