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[1] Climate change is projected to significantly alter the delivery (stratification, boundary
currents, aridification of landmasses, glacial melt) of iron to the Southern Ocean. We
report the most comprehensive suite of biogeochemical iron budgets to date for three
contrasting sites in subantarctic and polar frontal waters south of Australia. Distinct
regional environments were responsible for differences in the mode and strength of iron
supply mechanisms, with higher iron stocks and fluxes observed in surface northern
subantarctic waters, where atmospheric iron fluxes were greater. Subsurface waters
southeast of Tasmania were also enriched with particulate iron, manganese and
aluminum, indicative of a strong advective source from shelf sediments. Subantarctic
phytoplankton blooms are thus driven by both seasonal iron supply from southward
advection of subtropical waters and by wind-blown dust deposition, resulting in a strong
decoupling of iron and nutrient cycles. We discuss the broader global significance our
iron budgets for other ocean regions sensitive to climate-driven changes in iron supply.
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1. Introduction

[2] Iron (Fe) is known to limit primary productivity in
high nutrient low chlorophyll (HNLC) regions globally, and
in particular over vast regions of the Southern Ocean [e.g.,
de Baar et al., 1995; Sedwick et al., 1999; Boyd et al.,
2000]. Higher nutrient utilization efficiency of the ocean’s
biological pump (currently only �50%) driven by elevated
iron supply could have been partially responsible for
reduced atmospheric carbon dioxide concentrations during

the last ice age [Watson et al., 2000]. Recent studies have
debated the relative magnitude of different sources of iron to
surface open Southern Ocean waters, including upwelling
[de Baar et al., 1995], dust delivery [Boyd et al., 2004;
Cassar et al., 2007, 2008; Boyd and Mackie, 2008],
entrainment from shelf sediments [Blain et al., 2007], and
advection of subtropical waters from the north [Sedwick et
al., 2008]. Ellwood et al. [2008] have shown that the main
supply of dissolved iron (dFe) into the subantarctic zone
(SAZ) south of Australia during winter is via Ekman
transport of waters from the south. Iron-laden dust supply
from Australia is also thought to stimulate regional South-
ern Ocean phytoplankton blooms [Cassar et al., 2007;
Mackie et al., 2008]. A recent reevaluation of the impor-
tance of other iron supply mechanisms suggests that sedi-
mentary resuspension and aerosols probably make similar
global contributions [Moore and Braucher, 2008].
[3] One of the major unknowns in assessing the inter-

actions of circulation, biogeochemistry, and ocean produc-
tivity in the Southern Ocean is the dependence of ecosystem
structuring on differing natural iron supply mechanisms,
resulting in varying degrees of microbial iron limitation
[e.g., Boyd et al., 2005; Blain et al., 2007]. Despite
widespread iron limitation in the modern HNLC Southern
Ocean, intense algal blooms are observed annually, partic-
ularly in waters of the northern SAZ and in the subtropical
front (STF) [Boyd et al., 1999]. In particular, the Southern
Ocean south of Tasmania (Australia) is conspicuous in

GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 23, GB4034, doi:10.1029/2009GB003500, 2009
Click
Here

for

Full
Article

1Antarctic Climate and Ecosystems CRC, University of Tasmania,
Hobart, Tasmania, Australia.
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having large differences in surface water productivity and
biomass between sectors east and west of Tasmania, and
between subantarctic and polar waters [Trull et al., 2001]
(Figure 1). The region southwest of Tasmania (135–145�E)
is typical of much of the circumpolar SAZ and exhibits
relatively low phytoplankton biomass, in contrast to the
higher biomass region to the southeast of Tasmania (150–
160�E), where subtropical waters mix into the SAZ
(M. Mongin, personal communication, 2009). Atmospheric
and ocean circulation changes driven by climate warming
may cause the SAZ to experience greater inputs from
strengthening subtropical gyres, such as those that reach
the region east of Tasmania today in East Australian Current
(EAC) eddies, and thus the circumpolar SAZ may become
more like this region in the future [Hill et al., 2008;
Ridgway, 2007a; Ridgway and Dunn, 2007]. Indeed chloro-
phyll concentrations, derived from satellite, have been ob-
served to increase in the SAZ region southeast of Australia
during the last decade (M.Mongin, personal communication,
2009). Subantarctic waters also have global importance as

a sink for anthropogenic carbon dioxide and as a site for
subduction of oxygenated nutrient-rich waters beneath the
subtropical gyres [Metzl et al., 1999]. It is therefore imper-
ative that we assess the controls on these spatial differences
in phytoplankton biomass and productivity in the SAZ in
order to understand how such processes are evolving on
decadal to centennial timescales.
[4] A study of SAZ waters east, west and south of

Tasmania represents an excellent approach to examine
biogeochemical cycling in the Southern Ocean, because it
can address the effects of persistent, varying and multiple
iron sources that are not accessible through deliberate
mesoscale iron fertilization experiments. The interaction
of these waters with several circumpolar fronts of the
broader Southern Ocean further south also allows us to
place our regional observations within a global context.
Since iron is actively taken up into phytoplankton, and
transferred throughout the food web, including removal by
particle settling and remineralization in deep waters, the
assessment of its availability is complex and cannot be

Figure 1. SAZ-Sense voyage track and station locations superimposed on ESA Meris satellite ocean
color composite image from 5 to 11 February 2007. Process stations are shown as red dots (P1, SAZ-west;
P2, PF; P3, SAZ-east), and stations 23 and 24 on the transect from P3 to Tasmania are shown as solid white
dots. Approximate locations of currents (EAC, East Australian Current; ZC, Zeehan Current) and fronts in
summer are shown (STF, subtropical front; SAF-N, subantarctic front north; SAZ-S, subantarctic front
south; PF, polar front), separating distinct water masses (STZ, subtropical zone; SAZ-N, subantarctic zone
north; SAZ-S, subantarctic zone south; PFZ, polar frontal zone; AZ, antarctic zone). The north-south and
east-west gradients in phytoplankton chlorophyll biomass are typical of the region in summer. Satellite
image processing by Plymouth Marine Laboratory Remote Sensing Group.
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assessed from dissolved iron levels in surface waters alone.
Only one other study (FeCycle) has concurrently measured
iron associated with different phases (dissolved and partic-
ulate), and quantified iron export losses in concert with
vertical and lateral advective iron supply [Boyd et al., 2005;
Frew et al., 2006]. This paper reports the results of a
specific oceanographic study termed SAZ-Sense (‘‘Sensi-
tivity of the subantarctic zone to environmental change’’)
carried out in the SAZ and polar frontal zone (PFZ) south of
Australia in mid-to-late austral summer (21 January to 19
February 2007), and presents biogeochemical iron budgets,
focusing on sources of new iron and on iron sinks, for
process stations at three contrasting regions of the Southern
Ocean. We report measurements of dissolved iron gradients
across the seasonal pycnocline to estimate fluxes from
below, high resolution horizontal gradients coupled with
tracer release modeling simulations to estimate large scale
advective iron inputs, aerosol observations to estimate
atmospheric iron supply, and free-floating sediment trap
fluxes to estimate iron export. Our budget uses 55Fe and 14C
as radiotracers of phytoplankton uptake rates and heterotro-
phic bacterial remineralization, iron-to-carbon (Fe/C) up-
take and export ratios, and reports measurements of other
‘‘fingerprint’’ particulate trace elements (i.e., aluminum and
manganese) that confirm the provenance of iron supplied
from dusts and shelf sediments. We place our seasonal iron
budgets within the context of the broader SAZ-Sense
biogeochemical observations to examine the relationship
between iron and major nutrients, the carbon sequestration
efficiency with respect to iron supply, fe (uptake of new
iron/uptake of new + regenerated iron) and Fe (biogenic
iron export/uptake of new + regenerated iron) ratios [Boyd
et al., 2005], and compare predicted versus observed
primary productivity based on iron availability.

2. Methods

[5] All trace metal sampling and analytical procedures
followed recommended GEOTRACES protocols as closely
as possible [Bowie and Lohan, 2009], and are detailed in
Text S1.1 Dissolved iron data were quality controlled
against the SAFe reference samples [Lannuzel et al., 2009].

2.1. Oceanographic Setting

[6] The SAZ-Sense study targeted a diamond-shaped grid
in the Australian sector of the Southern Ocean south of
Tasmania (Figure 1), with waters ranging from subtropical
through subantarctic to polar. The area is characterized
north-to-south by several circumpolar fronts [Trull et al.,
2001] (Figure 2). The SAZ region southeast of Australia is
also strongly influenced by mixing with subtropical water
from the north and from the EAC extension traveling south
along the Tasmanian shelf break. The deeper water masses
observed in our study region included subantarctic mode
water (SAMW), antarctic intermediate water (AAIW) and
upper circumpolar deep water (UCDW). SAMW formed by
deep winter convection (to 600 m) north of the SAF can
be traced north to 38�S in the Tasman Sea [Sokolov and

Rintoul, 2003]. In summer, there is a cap of warmed water
overlying the SAMW. In the southern SAZ, cool, fresher
water formed by isopycnal advection across the SAF
spreads north via Ekman transport [Rintoul and Trull,
2001]. Poorly ventilated AAIW is found below SAMW
north of the SAF and is defined by a prominent salinity
minimum at 700–1100 m [Rintoul and Bullister, 1999].
[7] Process station 1 (P1, 140.6�E, 46.3�S) was located in

northern SAZ waters �530 km southwest of Tasmania
(SAZ-West station). Below the 53 m mixed layer, there
was active lateral mixing with high salinity, subtropical
water from the north (50–200 m depth range; Figure 3d)
which may have been influenced by southward penetration
of the Leeuwin and Zeehan currents which travel east along
the south coast of Australia and then divert south along the
Tasmanian west coast [Ridgway, 2007b]. SAMW was
identified between 250 and 600 m. Process Station 2 (P2,
145.9�E, 54.0�S) was located �1150 km directly south of
Tasmania in polar front (PF) waters (PF station), as indicated
by the presence of a Tmin layer between 100 and 250 m
(<2�C, indicative of remnant winter waters) below the 52 m
mixed layer (Figure 3e), and underlying a deep chlorophyll
maximum at 60–100 m. No SAMW was identified deeper
in the water column. Process Station 3 (P3, 153.2�E,
45.5�S) was located �480 km southeast of Tasmania in
an extremely dynamic region at the very northernmost edge
of the SAZ (SAZ-East station), and was strongly influenced
by the lateral mixing of warm salty subtropical water
(influenced by eddies of the EAC extension) with cooler
fresh SAZ water [Ridgway, 2007b]. This complex mixing
resulted in high and variable surface chlorophyll a concen-
trations (Figure 1). The STF was present as a broad feature
covering several degrees of latitude with the southern edge
just north of P3 at 45.5�S. We observed significant differ-
ences in salinity, nitrate and phosphate concentrations in the
different layers in the upper 125 m at P3 (and also between
different station casts over our 1 week occupation), which
reflects the complexity of the region. Two surface mixed
layers were present, a shallow stratified feature �16 m deep
overlying a deeper seasonal mixed layer �70 m thick
(Figure 3f). SAMW was present between 300 and 400 m,
but was less oxygenated at P3 than the SAMW at P1, and
AAIW was defined by a salinity minimum near 1000 m.
[8] Stations along the northeast ‘‘return’’ transect from P3

to Tasmania were all in EAC/subtropical waters with
surface salinities >35.4 and temperatures >16�C. Several
filaments of the EAC and STF and other minor fronts were
crossed on this northeast transect, again reflecting the
complex ocean mixing in the region. Southward penetrating
waters of the EAC extension and Tasman Sea traveled along
the east coast of Australia before surface waters mostly
separated from the Tasmanian coast and flowed eastward
upon mixing with subantarctic waters (Figure 1). Some
deeper (500–1200 m) waters also flowed westward during
summer around southern Tasmania via the Tasman Outflow
[Ridgway, 2007b], providing a link between the EAC and
Indian Ocean [Ridgway and Dunn, 2007]. The surface
waters that tended to be diverted east then traveled northeast
toward P3. Geostrophic velocity analyses derived from
satellite altimetry observations (M. Mongin, personal com-1Auxiliary materials are available with the HTML. doi:10.1029/

2009GB003500.
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munication, 2009) indicate that this EAC-influenced water
traveled further offshore and east of our last transect station
24 (148.6�E, 43.7�S), �70 km southeast of Tasmania.

2.2. Dust Deposition and Atmospheric Circulation
Over the Studied Area

[9] The transport of dust from the Australian continent to
the Tasman Sea and Southern Ocean has been documented
through marine sedimentary observations [Hesse, 1994] or
from atmospheric sampling in New Zealand (McGowan et
al. [2005]; see review by Mackie et al. [2008]). Although
episodic and spatially variable, the maximum of mineral
dust transport from the Australian continent occurs in the
austral spring and summer [Ekstrom et al., 2004; Boyd et

al., 2004; Mahowald et al., 2005]. The greatest bushfire
activity also occurs during these months, which may pro-
vide an additional and more soluble source of iron to the
ocean, either directly [Guieu et al., 2005; Luo et al., 2008;
Schroth et al., 2009], or via merging of dust and biomass-
burning aerosols due to enhanced atmospheric processing in
the presence of higher major ion (NOx, SOx) concentrations
in smoke (D. Mackie, personal communication, 2008). Thus
the SAZ-Sense cruise occurred during the period of annual
maximum Australian aerosol supply, although general at-
mospheric circulation patterns suggest that dust should
preferentially be transported to the east of Australia (i.e.,
north of P3) at this time [Ekstrom et al., 2004]. Air mass

Figure 2. (a) Temperature, (b) salinity, (c) nitrate+nitrite in the upper 1000 m, and (d) Fe*(P) (defined
as Fe*(P) = [dFe]� {(Fe/P) algal uptake ratio� [PO4

3�]}; see section 3.3), (e) dissolved iron, (f) particulate
iron, (g) particulate aluminum, and (h) particulate manganese in the upper 400 m along the southeast-
northeast section from P2 to P3 to Tasmania (shown as inset in Figure 2d). The positions of oceanographic
fronts and zones are indicated. Note the difference in the depth scales in Figures 2a–2c compared to
Figures 2d–2h. Prepared using Ocean Data View (R. Schlitzer, http://odv.awi.de).
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back trajectory calculations using the HYSPLIT model (see
Text S1 and Figure S1) over the period 2004 to 2007
indicated that only dust of Australian origin was able to
enrich air masses transported over the region sampled
during the SAZ-Sense cruise. These back trajectory calcu-
lations did not demonstrate significant differences in the
frequency of air masses originating from Australian dust
sources between eastern (P3) and the western (P1) SAZ

sectors, whereas the frequency was significantly lower for
polar waters further south (P2) (t test, n = 852, P = 0.05).
Back trajectories for each day of the cruise indicated that
sampled air masses originated from marine sources and not
Australia (Figure S1). For stations situated north of 45�S,
the trajectories had a higher probability of originating from
a northeast sector, whereas for stations situated south of
45�S, air masses likely originated from open Southern

Figure 3. Vertical profiles of dissolved and particulate iron, temperature, salinity, and nitrate+nitrite at
our three process stations in the SAZ-West (P1), PF (P2), and SAZ-East (P3). The dFe data represent the
mean ±1 standard deviation of independent casts (n = 3–4) at each process station over the period of
�1 week and include analytical uncertainty (�7%) and uncertainty due to sampling and ‘‘real’’ variability
(spatial and temporal) (up to 30%). The pFe data represent individual data points for each separate
deployment of the McLane in situ pumps (n = 2–3). The pFe errors bars averaged 15% on the basis of the
independent digestion and analysis of replicate (n = 2) subsample punches taken from the same filter. The
pFe data were scattered somewhat through the water column, which is typical for particulate trace metals.
Red data point in square brackets at 32 m depth at P1 in Figure 3a is possibly contaminated.

GB4034 BOWIE ET AL.: SOUTHERN OCEAN BIOGEOCHEMICAL IRON BUDGETS

5 of 14

GB4034



Ocean waters, with characteristic west-to-east long distance
circulation.

3. Results and Discussion

3.1. Dissolved Iron Distributions

[10] We observed significant variation in mixed layer dFe
concentrations (�0.1–0.7 nmol L�1) between the 19 dif-
ferent trace metal stations occupied in the study region
(locations shown in Figure S2; data reported by Lannuzel et
al. [2009]). In general, mean mixed layer dFe concentra-
tions decreased from north-to-south, and were highest at the
SAZ-East station (P3, 0.45 nmol L�1; range 0.37–0.58
nmol L�1), intermediate at the SAZ-West station (P1, 0.33
nmol L�1; range 0.20–0.31 nmol L�1) and lowest at the PF
station (P2, 0.21 nmol L�1; range 0.19–0.23 nmol L�1)
(Figures 3a–3c), and were significantly different at each
process station (t test, P = 0.05). In principle, this could
reflect either: (1) different winter reserve dFe concentra-
tions, (2) spatial variability in biomass and hence Fe uptake,
or (3) different sources (upwelling, lateral advection, dust
deposition) and magnitude of the dFe supply terms. Since
Ellwood et al. [2008] have shown that wintertime dFe
reserves in the SAZ (between 155 and 160�E, 40–52�S)
are lower than our summertime observations, and productiv-
ity was similar at stations P1 and P3 and greater than station
P2 (Table 1) during SAZ-Sense, we conclude that the differ-
ences in surface dFe concentrations were probably derived
from differing iron sources to the three process stations. Deep
water dFe concentrations (1000 m) were remarkably consis-
tent at all 19 stations (0.25–0.37 nmol L�1), and lower than
reported in the Atlantic and Pacific basins (0.6–0.8 nmol L�1)
[Johnson et al., 1997]. This indicates that supply of waters
from below (through either seasonal winter overturning and
deepening of the mixed layer, or episodic short-term events
such as storms) will not provide a significant amount of dFe to
the mixed layer in the SAZ, and implicates lateral advection or
atmospheric inputs as important sources to SAZ surfacewaters
in summer.
[11] We observed distinctly different dFe profiles at each

process station (Figures 3a–3c), although good linear corre-
lations between the vertical distributions of dFe and salinity in
the upper 200 m at all three sites highlighted the importance of
upper ocean internal mixing in controlling dFe distributions.
At P1 (SAZ-West), elevated dFe concentrations in the mixed
layer (0.33 nmol L�1) decreased to 0.22 nmol L�1 between
125 and 300m, and increased again to 0.30 nmol L�1 down to
1000 m (Figure 3a). At P2 (PF), we observed a nutrient-like
profile with a ferricline located at a depth stratum of about
150–200 m, �100 m shallower than the nitracline. The
nutrient-like vertical profile and depth of the ferricline indi-
cated that colder, saltier upwelled deep waters were the
primary dFe source (Figures 2b, 2e, 3b, and 3e and Table 1),
but also showed that relative rates of dFe and NOx reminer-
alization were different. At P3 (SAZ-East), elevated dFe
concentrations in the mixed layer (0.45 nmol L�1) decreased
gradually to 0.3 nmol L�1 at 150 m and were relatively
uniform below this depth (Figure 3c). Elevated mixed layer
dFe concentrations at P3 coincided with warmer, saltier and
low nitrate waters that had been advected from the north

(Figures 2a–2c). Interestingly, the section along our south-
east-northeast transect from P2 to P3 and then back to Hobart
(Figure 2e) showed that elevated dFe concentrations tended to
be focused in 0–200 m depth range in the band of water at the
northern SAZ and in the STF, with lower dFe concentrations
further northwest in subtropical waters closer to Tasmania
(stations 23 and 24), probably due to the passage of
EAC-influenced waters further offshore [Ridgway, 2007a;
M. Mongin, personal communication, 2009]. This pattern
differs to the distributions of particulate trace metals, which
were elevated closer to the Tasmania (see section 3.2). North
of the PF and in the broader SAZ between 47.0 and 52.5�S,
dFe concentrations were slightly higher in the upper 100 m
than in the 150 m depth stratum immediately below (no data
available below 250 m), perhaps reflecting the summertime
supply of atmospheric iron [Cassar et al., 2007].
[12] Our range of dFe concentrations is broadly consistent

with historical data for the region [Sedwick et al., 1997,
1999, 2008; Bowie et al., 2004; Sohrin et al., 2000], noting
that the majority of previous measurements were only made
to 300 m depth and no previous summertime iron data
coverage exists to the southeast of Tasmania. The winter-
time surface SAZ data of Ellwood et al. [2008] are generally
lower (by �0.1 nmol L�1) than our observations and their
deep (1000 m) data higher (by �0.1–0.2 nmol L�1), which
implies that iron sources to the Australian SAZ region are
strongly dependant on season and location, and biological
iron uptake and remineralization processes were not the
dominant factors controlling distributions in summer. Since
both this study and Ellwood et al. [2008] employed surface
(S1) and deep (D2) SAFe standards, we believe a direct
comparison is robust. It also appears that direct deposition
of soluble Fe in atmospheric dust was of less importance in
the SAZ (see section 3.4) than the earlier FeCycle study to
the southeast of New Zealand [Boyd et al., 2005], although
longer-range transport of warm and salty waters from the
north (which may have been enriched with iron from dust
transported east of Australia) may have occurred prior to
our occupation at P3. Both the high dFe concentrations and
the possibility of long-range oceanic transport are consistent
with the observed iron(III)–organic ligand concentrations
(L) which were greatest in surface waters and always
exceeded the dFe concentration (L/dFe > 1.5), and thus
sufficient to keep dFe in solution and potentially bioavail-
able [Ibisanmi et al., 2009].

3.2. Particulate Iron, Aluminum, and Manganese
Distributions

[13] Particulate iron (pFe) concentrations were generally
lower than dFe at all three process stations (Figures 3a–3c),
with no clear evidence of surface enrichment driven by
atmospheric dust supply that our surface dFe data at the
SAZ-East station (P3) may have suggested. We observed
slightly higher pFe values at depths below 190 m at station
P3. Higher subsurface concentrations for particulate alumi-
num (pAl), manganese (pMn) and iron (up to 1.4 nmol L�1)
were observed in subtropical waters on the northeast tran-
sect between P3 and Hobart (Figures 2f–2h). The depth
stratum and spatial extent of the subsurface maxima (40–
200 m) suggests an internal advective source from Tasma-
nian or eastern mainland Australian shelf sediments, or
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Table 1. Summary of Iron Pools and Fluxes for the Surface Mixed Layer at Each of the SAZ-Sense Process Stations During Summer

Propertya Process Station 1 (P1) Process Station 2 (P2) Process Station 3 (P3)

Region SAZ-West PF SAZ-East
Mixed layer depthb (m) 53 52 70

Poolsc

dFe 14 ± 2 11 ± 1 31 ± 5
pFe 4 ± 1 6 ± 2 7 ± 5
POC (mmol m�2) 152 ± 110 101 ± 18 575 ± 436

Fluxesd

(a) Vertical diffusive dFe supplye �2 ± 0 7 ± 1 �31 ± 5
(b) Vertical advective dFe fluxf Negligible 47 Negligible
(c) Lateral advective dFe supplyg,h 67 ± 22 (range: 48–91) 24 ± 7 (range: 17–31) 124 ± 53 (range: 85–191)
(d) Atmospheric total iron depositioni 488 ± 386 288 ± 180 354 ± 212
(e) Atmospheric dFe depositioni 2.4 ± 2.1 4.0 ± 3.2 7.4 ± 4.3
(f) Downward pFe export flux 166 ± 89 69 ± 14 213 ± 51
(g) Downward POC export (mmol m�2 d�1) 3339 ± 1805 2114 ± 884 858 ± 382
(h) Iron uptakej 5842 ± 537 1825 ± 242 4062 ± 518
(i) Iron remineralizationk 1206 ± 259 261 ± 124 977 ± 139

Fe/C Ratiosl

(j) Mixed layer Fe/C cellular uptake ratiom 70 ± 44 60 ± 9 74 ± 47
Suspended mixed layer particulate Fe/C ratio 40 ± 31 55 ± 14 32 ± 30
Sinking Fe/C export ratio 50 ± 38 33 ± 15 248 ± 125

Iron Supply Versus Demandn

Total iron supply from ‘‘new’’ sourceso [a+b+c+d] 553 ± 387 366 ± 180 447 ± 219
Additional iron requirement to balance the budgetp

[a+b+c+d–f�h+i]
�1836 ± 716 �744 ± 326 �915 ± 582

(k) Biological uptake of ‘‘new’’ ironq [a+b+c+d–f] 387 ± 397 297 ± 181 234 ± 224
fe ratior [k/h] 0.07 ± 0.07 0.16 ± 0.10 0.06 ± 0.06
Fe ratior [f/h] 0.03 ± 0.02 0.04 ± 0.01 0.05 ± 0.01

Estimated Versus Observed Productions

Potential new primary production [k/j]t 5.5 ± 6.6 5.0 ± 3.1 3.2 ± 3.7
Observed gross primary productionu 108.7 ± 25.0 39.6 ± 14.1 62.4 ± 45.3

aThe letters in parentheses refer to each different property in the budget and indicate how the calculations were performed under ‘‘iron supply versus
demand’’ and ‘‘estimated versus observed production’’ (e.g., total iron supply from ‘‘new’’ sources = [a+b+c+d]).

bDefined from density profiles as the first depth below 10 m deep where [s � s(10 m)] > 0.05 [Rintoul and Trull, 2001], except at P3 where a shallower
stratified mixed layer was also identified at 16 m so the mixed layer was based on Brunt-Väisälä frequency.

cUnits are mmol m�2, unless otherwise stated.
dUnits are nmol m�2 d�1, unless otherwise stated.
eThe vertical diffusive supply was derived from the dFe gradients across the pycnocline and a Kz of 0.66 ± 0.11 cm2 s�1 for FeCycle [Croot et al., 2007]

which covers the range for the Southern Ocean [Boyd et al., 2005]; a negative value indicates an iron loss from the mixed layer.
fUpwelling at P2 defined as vertical velocity (0.13 m d�1 [de Baar et al., 1995]) � deep dFe concentration; includes contribution from remineralization.
gEstimated from the Bluelink model using a tracer release simulation for iron with a conservative 3% decay rate (i.e., accounting for biological uptake

and scavenging) over 5 months using mean annual mixed layer depths at each process station (46 m at P1 and P3, and 53 m at P2); includes contribution
from shelf sediments and advected dust; the reported ranges represent the theoretical lower and upper limits based on 0% and 7% decay rates for the
advected dust (M. Mongin, personal communication, 2009).

hAlthough Ellwood et al. [2008] calculated a summertime flux of 43 mmol m�2 d�1 to the SAZ from Ekman-driven lateral advection from the south, our
observed dFe concentration in source waters associated with this flux is low thus tending to result in no net increase in surface dFe concentrations through
lateral transport.

iFluxes for station P1 estimated from aerosol sample AeroSAZ-1, for station P2 from aerosol sample AeroSAZ-3, and for station P3 from aerosol
samples AeroSAZ-6 and AeroSAZ-7.

jColumn integrals for iron uptake by phytoplankton >0.2 mm, calculated using Simpson’s rule.
kColumn integrals for remineralization based on bacterial mobilization of algal iron within cells >5 mm (extrapolated to >0.2 mm using ratio of uptake-

to-remineralization) calculated using Simpson’s rule. This will underestimate remineralization by 3–4 fold as it does not include that due to bacterivory
and herbivory [Strzepek et al., 2005; P. W. Boyd et al., Remineralization of upper ocean particles: Implications for iron biogeochemistry, submitted to
Limnology and Oceanography, 2009]. Microzooplankton grazing at all three sites accounted for most of daily primary production [Pearce et al., 2009],
indicating that iron remineralization rates were comparable to iron uptake rates observed during FeCycle by Strzepek et al. [2005].

lUnits are mmol/mol.
mMean mixed layer values and standard deviation. Note these values are notably higher than those reported for iron-limited conditions during SOFeX

[Twining et al., 2004] and those inside the KEOPS bloom [Sarthou et al., 2008], but comparable to SOFeX iron replete conditions (also see the synthesis
on Fe/C ratios reported by Boyd et al. [2007, Figure 3] and de Baar et al. [2008, Table 2]).

nUnits are nmol m�2 d�1.
oAssumes all the total iron atmospheric supply is available (see section 3.6).
pA negative value indicates an additional iron requirement.
qCompares well with the estimated biological requirement from ‘‘new’’ iron sources predicted for the SAZ byEllwood et al. [2008] (250–410 nmolm�2 d�1).
rFe is biogenic iron export/uptake of new + regenerated iron and fe is uptake of new/uptake of new + regenerated iron [Boyd et al., 2005]. Note the fe

and Fe ratios would be considerably underestimated if these calculations did not include the total iron fraction in atmospheric dust (our calculated
solubilities range from 0.2 to 2.5% for SAZ-Sense, excluding sample AeroSAZ-8; see Table S1) and noting the uncertainties on the lithogenic versus
biogenic fraction of exported particulate iron (see section 2).

sUnits are mmol C m�2 d�1.
tCalculated using the biological uptake of ‘‘new’’ iron (k) and molar Fe/C cellular uptake ratio (j).
uGross primary productivity in the mixed layer taken (K. Westwood, personal communication, 2009); data compare well to 24 h dual-labeled 14C

radiotracer incubation experiments.
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advected dust (i.e., the transport and lateral advection of
Australian dust initially deposited in distant ocean waters
north of the SAZ-Sense region), rather than direct (local)
atmospheric deposition. This trace metal-enriched feature at
depth is also consistent with a saltier, slightly warmer and
less oxygenated intrusion of waters between 100 and 250 m,
evident from the individual depth profile at station 23
(Figure S3). This indicates that these subsurface waters
are enriched with pFe, pAl and pMn from waters which
have interacted with suboxic shelf-edge sediments. It is
interesting to note that this subsurface feature does not
correspond to a dFe maximum, indicating a decoupling of
dFe and pFe. Rather, dFe is elevated further offshore and
entrained in the STF around P3 at �45�S, particularly in
surface waters down to �100–200 m (Figure 2e). Two
plausible explanations for this trend are that either the dFe
feature results from a different source (e.g., dust deposition
rather than resuspended sediments) or that pFe is slowly
solubilized (on timescales of weeks to months, according
to tracer release model simulations (M. Mongin, personal
communication, 2009)), as waters are gradually advected
south and to the east. This process may be driven by
microbial solubilization of biogenic pFe and/or coupled
microbial/photochemical dissolution of lithogenic pFe
[Boyd et al., 2005]. Clearly, P3 was located in an extremely
complex and dynamic region where HNLC subantarctic
waters mixed with iron-rich subtropical waters in the
presence of a series of complex eddies (originating from
the EAC extension [Ridgway, 2007a]) that had interacted
with the shelf-edge on their 3–6 month southerly passage
along the east coast of Australia (M. Mongin, personal
communication, 2009). Our suspended particulate trace
metal data compares reasonably well with the few published
profiles in Southern Ocean waters [Sarthou et al., 1997;
Fitzwater et al., 2000; Coale et al., 2005; Frew et al., 2006],
tending to be at the lower end of the reported ranges.

3.3. Iron and Major Nutrients

[14] Surface nitrate and phosphate concentrations in-
creased southward from the STF to the PF and with depth
(Figure 2c, only nitrate + nitrite shown). Northern SAZ
waters (stations P1 and P3) showed a greater vertical
gradient at the nitracline than waters in the PF (station
P2) (Figures 3d–3f), due to surface depletion in these
higher phytoplankton waters (Figure 1). In the PF, the
nitracline was located at a greater depth than the ferricline.
Silicic acid was depleted (<1 mmol L�1) in surface waters
over much of the study region, although there were appre-
ciable reserves in deep waters of the HNLC PFZ and AZ
(up to 80 mmol L�1). The ratio of dissolved iron to nitrate +
nitrite (dFe/NOx) in our study region ranged over two orders
of magnitude, from 1.7 mmol/mol in surface northern SAZ
waters decreasing to 0.0075 mmol/mol in mixed layer PF
waters. dFe/NOx ratios at 1000 m depth were remarkably
consistent at �0.01 mmol/mol. The lower end of our range
of dFe/NOx data are consistent with ratios reported for
FeCycle during summer (�0.01 mmol/mol) [Croot et al.,
2007], and the SAZ southwest of New Zealand during
winter (0.005–0.032 mmol/mol) [Ellwood et al., 2008].
dFe/NOx ratios of �0.01 mmol/mol are also consistent with
studies in the HNLC North Pacific [Martin et al., 1989]. In

contrast, however, our higher dFe/NOx data for surface
waters of the SAZ do show that this ratio is seasonally
variable and that there is an inherent difference between dFe
and major nutrients dynamics in northern SAZ waters.
Although differential remineralization length scales and
phytoplankton consumption rates of dFe versus NOx (driven
by elevated Fe supply) will result in varying dFe/NOx ratios
[Frew et al., 2006; Ellwood et al., 2008], the main driver of
the observed high ratios in the SAZ-Sense region is the
delivery of iron-rich advected waters or atmospheric dust
from the north in STZ and northern SAZ waters (both of
which tend to be low inNOx). These processes impact on iron
distributions over short periods (days-to-weeks), and effec-
tively decouple iron from the seasonal cycles of convective
mixing, biological uptake and remineralization that are
typical of major nutrients. Biological removal will not
increase dFe/NOx significantly until very large amounts (of
the order of 90%) of the initial nitrate pool have been
removed, which is uncommon in the SAZ, for which seasonal
removal is typically close to 65% [Lourey and Trull, 2001].
[15] At P2, we observed a close coupling between iron

and major nutrients in the PF (Figures 3b and 3e), with
community consumption ratios (based on dissolved
nutrient constituents) of dFe/NOx = 15 mmol/mol, dFe/PO4 =
170 mmol/mol and Fe/Si(OH)4 = 2.2 mmol/mol. This
equates to Fe/C uptake ratios of 1.6–2.3 mmol/mol (assum-
ing Redfield C/N/P stoichiometry), and implying phyto-
plankton are iron-stressed in the PF (based on a minimum
metabolic requirement of �10 mmol/mol for iron-limited
algal cultures [e.g., Maldonado and Price, 1996]. Iron
supply from below is insufficient to significantly raise
dFe/NOx ratios and thus an additional iron input is required
to relieve limitation in the PF. Interestingly, P. Ralph et al.
(personal communication, 2009) observed a relatively high
surface Fv/Fm ratio of 0.58 (using PhytoPAM) at this site
which implies that the resident phytoplankton were not
significantly nutrient-stressed, consistent with a surface
dFe concentration of 0.2 nmol dFe L�1 (threshold for
increased Fv/Fm during SOIREE was �0.2 nmol L�1) [Boyd
et al., 2000].
[16] Our calculated Fe/C uptake ratios based on dissolved

nutrient budgets at P2 (above) are significantly lower than
measured mixed layer Fe/C cellular uptake ratios from
radiotracer experiments (60 ± 9 mmol/mol; Table 1). This
may be a result of a deviation from nutrient stoichiometry
and a lower uptake of iron relative to carbon at this site (see
section 3.7), noting the possibility of variable uptake ratios
and the difficulty in comparing nutrient stocks across pools
that reflect changes on different timescales. Fe/C uptake
ratios were also more variable at P1 and P3 compared to P2
(Table 1), which may reflect a more dynamic Fe demand in
the northern SAZ due to changes in environmental forcings
(e.g., light or silicic acid) [Hoffmann et al., 2008]. The SAZ-
Sense Fe/C radiotracer uptake ratios are similar to, although
slightly higher than, the intracellular ratios observed in
diatoms collected during SoFeX (9–48 mmol/mol) [Twining
et al., 2004]. Our observations indicate that luxury uptake
was not an important process in the PF (based on Fe/NOx)
or the SAZ (based on 55Fe/14C), so Redfield C/N/Fe
stoichiometry appears valid.
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[17] The tracer Fe* has been applied in recent studies
[Parekh et al., 2005; Boyd et al., 2007; Blain et al., 2008] to
estimate the relative magnitude of iron versus macronutrient
supply. This simple concept is based on the decoupling of
iron and macronutrients (e.g., PO4

3� or Si(OH)4) through the
water column due to scavenging of iron. Fe*(P) is thus
defined as Fe*(P) = [dFe] – {(Fe/P) algal uptake ratio �
[PO4

3�]}, which subtracts the contribution of biological iron
consumption from the dFe distribution to reveal the balance
between advected and scavenged iron, following a method
similar to that of N* [Gruber and Sarmiento, 1997]. A
positive Fe*(P) implies that there is sufficient iron to
support the complete consumption of PO4

3� and primary
production is ultimately macronutrient limited. A negative
Fe*(P) implies there is a deficit and production is ultimately
iron limited. The same concept applies to Fe*(Si), which is
based on the relative abundance of iron to the reference
macronutrient silicic acid. We have applied the tracer Fe*(P)
along our section from P2 to Hobart (using a Fe/P ratio of
0.47 mmol/mol [Parekh et al., 2005] (Figure 2d)), indicating
that upper waters (down to �100–200 m) between 43 and
47�S to the southeast of Tasmania were iron-replete whereas
all other regions along this section were iron-deficient.
Fe*(P) was lowest (�0.75) in the pycnocline at P2 (PF),
indicating iron limitation. Here, low light at the base of
the mixed layer may exacerbate iron limitation since the
cellular iron demand increases under low light (and low
silicic acid in the case of diatoms) conditions [Hoffmann
et al., 2008].
[18] Clearly the tracer Fe* is highly dependant on the Fe/

P or Fe/Si ratios, which will vary meridionally and depend
on the resident phytoplankton community, light, differential
nutrient supply and the degree of iron limitation [Sunda and
Huntsman, 1995], and are likely to tend to higher values in
high-iron environments [Twining et al., 2004]. However, in
a qualitative sense, Fe* does demonstrate well the broad-
scale spatial differences in iron limitation and supply which
are consistent with our Fe/NOx ratios calculated above.
Interestingly, the application of the Fe*(Si) along the same
transect (using Fe/Si = 0.92 mmol/mol, which is the mean
elemental ratio of plankton in nonfertilized waters during
SoFeX) [Twining et al., 2004], indicates that the majority of
the region is iron-deficient, with only surface waters (0–
25 m) around 45�S being iron sufficient, and demonstrating
Fe-Si colimitation across the northern SAZ.

3.4. Atmospheric Iron and Aluminum Concentrations
and Deposition Fluxes

[19] Aluminum concentrations for aerosol samples Aero-
SAZ-1 and AeroSAZ-8 (which were collected at the most
northerly sections at the start and end of the cruise; Figure
S1) were significantly higher than for the other 6 samples,
with an average concentration of 58 ± 4 ng m�3 (n = 2)
compared to an average of 23 ± 22 ng m�3 (n = 8) for the
entire sample set (Table S1). Excluding both high concen-
tration samples yields a lower average value of 12 ± 7 ng
m�3 (n = 6), which may be more representative of the
broader Southern Ocean. Iron concentrations ranged from
17.0 ± 7.0 (sample AeroSAZ-4) to 5.0 ± 1.6 ng m�3

(sample AeroSAZ-6), but were not significantly correlated
to aluminum concentrations (Table S1). Crustal and marine

enrichment factors calculated independently (using alumi-
num and sodium data, respectively) allow us to estimate the
deviation of the composition of an element from its sources
[Duce et al., 1983]. For iron, the crustal enrichment factors
were close to 1 whereas the marine enrichment factors were
close to 1000, clearly indicating a crustal origin of the
transported iron. Our data do not indicate that there is
greater dust deposition in the eastern sector of the study
area (Table S1), even if atmospheric circulation patterns and
model simulations [Mahowald et al., 2005] suggest prefer-
ential transport from the Australian continent [Ekstrom et al.,
2004]. A clear latitudinal trend of decreasing dust concen-
trations can be observed in this region, with �2 mg m�3

dust concentration reported in austral summer at Cape Grim
(�41�S) [Ginoux et al., 2004], a mean value of 0.75 mg m�3

for samples AeroSAZ-1 and AeroSAZ-8 (�43–46.5�S),
and finally a mean concentration of 0.15 mg m�3 for the
other samples (south of �46.5�S).
3.5. Solubility of the Transported Iron

[20] Iron solubility values for each sample are reported in
Table S1 as the sum of two leaches. Since the first leach
contained >80% of the iron that dissolved in both leaches,
we assume that two leaches are sufficient to determine the
amount of ‘‘instantaneous soluble iron,’’ consistent with the
study by Buck et al. [2006]. Dissolution values ranged from
0.2 to 2.5% for samples AeroSAZ-1 to AeroSAZ-7, which
is in a range that is commonly accepted for mineral dust
samples [e.g., Bonnet and Guieu, 2004]. For sample Aero-
SAZ-8, the iron solubility was significantly higher with a
value of 17.7%. This aerosol sample may have included
particles emitted from biomass burning. The OMI Aerosol
Index on the 18 January 2007 (when the sample was
collected) indicated a smoke patch over southern Tasmania,
and the MODIS satellite sensors detected several fires in
Tasmania at that time (Figure S4). Higher iron solubility in
biomass combustion particles has been suggested in former
studies [Guieu et al., 2005].

3.6. Deposition Fluxes of Dust and Total Iron

[21] For this study, we estimated the deposition flux of
total and soluble iron for each of the three process stations
from the samples collected when visiting (and on transects
to and from) the stations (Tables 1 and S2) and were
determined following calculations described by Wagener
et al. [2008]. Dry fluxes were calculated by applying a
deposition velocity to the dust concentration. In order to
estimate deposition velocities, a range of median mass
diameters (2.5–6.5 mm) [Knight et al., 1995; Wagener et
al., 2008] and a surface wind speed of 20 ± 10 knots (based
on the average shipboard wind measurements) were used.
Wet deposition was estimated from a range of scavenging
ratios (200 ± 100). The range of precipitation data (2 ±
1 mm d�1) was based on daily 1� precipitation estimates for
the study period from the Global Precipitation Climatology
Project [Adler et al., 2003]. Total iron deposition was
calculated from the total iron concentrations measured and
dFe fluxes estimated from our solubilities derived from
dissolution experiments.
[22] Since both air mass back trajectory calculations and

chemical concentration data for aerosol iron and aluminum
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indicated that there was a clear difference between samples
collected in the north (AeroSAZ-1 and 8) and samples
collected in the south (AeroSAZ-2 to 7), we assume that
mean values of samples AeroSAZ-2 to AeroSAZ-7 are the
first best estimates of mineral dust fluxes over this part of
the open Southern Ocean. Our estimated fluxes of mineral
dust (0.37 ± 0.18 mg m�2 d�1) are in good agreement with
the earlier study of Duce et al. [1991] (0.27 mg m�2 d�1),
but are generally lower than climatological dust models
(1.12 mg m�2 d�1 [Mahowald et al., 2005]; 2.47 mg m�2

d�1 [Luo et al., 2003]) for the region. This confirms the
overestimation by such global dust models (usually param-
eterized for Northern Hemisphere conditions) [Boyd and
Mackie, 2008] for dust deposition over oceanic regions of
the Southern Hemisphere [Wagener et al., 2008].
[23] The atmospheric deposition term is subject to signif-

icant uncertainties because it is based on one or two aerosol
samples collected over one or two days during the studied
process stations. As dust deposition is a highly episodic
phenomenon, the sampling timescale is clearly insufficient
for seasonal budgets estimations. However, despite this
caveat, estimation of total iron aerosol deposition fluxes
are in good agreement with the other budget terms (Table 1),
and our mean total dust deposition predictions for the open
Southern Ocean are consistent with previous observed
estimates [McGowan et al., 2005; Mackie at al., 2008].
Our total atmospheric iron fluxes (and dFe fluxes based on
aerosol quasi-instantaneous dissolution experiments) cou-
pled with oceanic dFe supply are insufficient to sustain the
biological iron requirements (Table 1 and Figure 4). The use
of a short-term ‘‘abiotic’’ aerosol leaching protocol for
solubility estimates could largely underestimate the fraction

of iron that dissolves in the oceanic mixed layer, thus clearly
highlighting the need of a better comprehension of the
longer-term release of iron from atmospheric particles in
the surface ocean (possibly driven by microbes, sidero-
phores or photochemistry) that will increase the aerosol
iron contribution to the inventory of dFe in the mixed layer.

3.7. Downward Particulate Metal Export

[24] Trace metal export fluxes at 150 m depth were
calculated from the mean of four separate collection cups
deployed on a free-floating sediment trap, each of which
were opened for 12 h periods during each process station
occupation. We observed significantly greater iron export
fluxes at our two northern SAZ stations (P1 and P3)
compared to our PF site (P2) (Table 1). The downward
pFe flux varied between 69 (PF) to 213 (SAZ-East) nmol
m�2 d�1, and was by far the most significant loss term for
iron from the mixed layer (Table 1). The daily export flux
represents between 1 and 3% of the pFe inventory in the
mixed layer, which represents a turnover time of the pFe
pool of around 33–100 days. The turnover time is likely an
underestimate by �30% due to the fraction of lithogenic
material in suspended and sinking particles which we do not
recover (e.g., Frew et al. [2006] report a lithogenic-to-total
pFe fraction of 36–50% in sinking particles and near 90%
in suspended particles; also see section 2). The Fe/C molar
ratio in sinking exported particles intercepted by the sediment
traps varied from 33 mmol/mol at P2 (PF) to 50 mmol/mol
at P1 (SAZ-West), but was much larger at 248 mmol/mol
at P3 (SAZ-East). These values are similar to the results
reported by Frew et al. [2006] during FeCycle (178–
217 mmol/mol). The Fe/C sinking export ratios were of

Figure 4. A biogeochemical iron budget for the surface mixed layer at SAZ-Sense process station P3
(SAZ-East). Pools are given in mmol m�2 and fluxes in nmol m�2 d�1. The mean and standard deviation
(1 standard deviation) are given. The fluxes associated with ‘‘recycled’’ iron are significantly greater than
‘‘new’’ iron and export fluxes. Iron remineralization rates have been multiplied by three to take into
account the likely effects of bacterivory and herbivory [Strzepek et al., 2005]. Note the uncertainties on
each flux estimate, which may account for the ‘‘missing’’ iron required to balance the budget.
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similar magnitude to those of suspended mixed layer
particles at P1 and P2 (40 and 55 mmol/mol, respectively;
Table 1), but significantly greater than those of suspended
particles at P3 (32 mmol/mol). This indicates the preferential
remineralization of carbon relative to iron in the SAZ-East,
most likely due to scavenging of remineralized iron by
sinking particles and solubilization of organic carbon with
depth [Frew et al., 2006], which may be related to higher
temperatures at this location. Interestingly, Fe/C ratios using
our four different estimates (consumption inferred from
dissolved nutrient depletion, phytoplankton radiotracer up-
take, suspended particle concentrations, and sinking particle
concentrations) tend to follow the published global pattern
of Fe/C ratios shown by Boyd et al. [2007, Figure 3] for
low-iron HNLC waters. There remains, however, some
uncertainty when comparing Fe/C ratios obtained by differ-
ent methods due to artifacts associated with sampling and
analysis (e.g., timescales of integration, where dissolved
nutrient budgets will integrate over longer periods than
uptake studies).

3.8. Construction of Biogeochemical Iron Budgets

[25] The measured iron pools and fluxes during SAZ-
Sense enable us to construct mixed layer pelagic iron
budgets for each of our three process stations in subantarctic
and polar frontal regions, and to estimate the main sources,
sinks and biological cycling of iron. There have been few
previous attempts to construct biogeochemical iron budgets
based on field observations in low-iron [Price and Morel,
1998] or high-iron [Bowie et al., 2001] systems, and earlier
studies have tended to focus on either geochemical or
biological components independently. An earlier iron bud-
get based on the FeCycle experiment, conducted within a
mesoscale SF6-labeled patch, highlighted the importance of
biological iron recycling and the relative contribution of
new versus recycled iron [Boyd et al., 2005], although did
not contain any field observations of atmospheric iron
deposition. Our SAZ-Sense data are presented in Table 1
for all three sites, and a biogeochemical iron budget for the
surface mixed layer at P3 (SAZ-East) is shown in Figure 4.
The following trends are evident.
[26] First, the dominant ‘‘new’’ iron fluxes in our sum-

mertime budgets are generally particulate iron associated
with the flux of atmospheric dust and downward export.
‘‘New’’ iron supplied to P1 and P3 is of a similar magnitude
and significantly greater than that at P2. Atmospheric iron
deposition is the dominant total supply term at P1 and P2
(4–7 fold greater than the sum of oceanic supply terms), but
the oceanic (lateral advective) supply term at P3 is relatively
more important (35% of the atmospheric flux). If we
compare dFe fluxes using solubility estimates, oceanic
fluxes dominate the ‘‘new’’ iron terms. Second, atmospheric
iron depositional fluxes are greater than, but broadly com-
parable, to downward pFe export fluxes, and both terms
tend to decrease southward, indicating a tight coupling
between these supply and loss terms in both low-iron and
high-iron ecosystems. Third, Fe/C cellular uptake ratios are
of a similar order of magnitude to those in suspended mixed
layer and exported particles, except at P3 where the Fe/C
export term is 3–8 fold greater (indicative of the decoupling
of Fe, N and C cycles in the SAZ-East). The relative

difference between Fe/C in suspended (mixed layer) and
sinking (exported) particles (which varies with location)
may indicate differences in the remineralization length
scales, and export transfer efficiencies of carbon relative
to iron among the different particles [Lamborg et al., 2008].
This has important implications for effectiveness of stimu-
lation of the biological pump by increased ocean iron
fertilization in HNLC regions in the absence of ‘‘new’’ iron
sources (e.g., dust or sediments). Fourthly, the short-term
(days-weeks) iron fluxes within the ‘‘ferrous wheel’’
[Kirchman, 1996] in our summertime budget are dominated
by biological uptake and remineralization (‘‘recycled’’ iron),
and are significantly larger (6–11 fold at P1, 2–5 fold at P2,
and 6–9 fold at P3) than the long-term (months), seasonal
‘‘new’’ iron fluxes supplied by atmospheric and oceanic
sources, consistent with the FeCycle observations [Boyd et
al., 2005]. The rate of iron remineralization accounts for up
to 70% of the iron uptake (Figure 4), highlighting the
additional need for ‘‘new’’ iron sources, as observed during
KEOPS [Sarthou et al., 2008].
[27] The observed SAZ-Sense iron fluxes for the three

process stations indicate that biological iron demand cannot
be satisfied by the ‘‘new’’ iron supply, with an additional
iron supply of the order of 744 to 1836 nmol m�2 d�1

required, of similar magnitude to that observed during
FeCycle (851 nmol m�2 d�1) [Boyd et al., 2005]. This
observation is consistent with the observation that our
estimated new primary production based on biological
uptake of ‘‘new’’ iron is significantly (8–20 fold) lower
than the measured gross primary production at the three
process stations during the expedition (Table 1). Iron fluxes
in our biogeochemical budgets are clearly dominated by
short-term uptake and remineralization, and it is evident that
our estimated uncertainties on these processes could easily
account for the ‘‘missing’’ iron terms. Moreover, atmo-
spheric deposition (wet and dry) and lateral advective
supply of iron are both episodic, which may not have been
sampled during our process station observation periods,
and horizontal supply of dissolved iron from UCDW
upwelled in winter south of the SAZ may dominate fluxes
on annual timescales. Clearly, the iron flux processes shown
in Figure 4 are based on different timescales (short-term,
daily, seasonal, annual), which indicates that no short-term
balance of our iron budgets is required.
[28] We estimate an fe ratio for our three process stations

from ‘‘uptake of new iron/uptake of new + regenerated
iron,’’ and an Fe ratio from ‘‘biogenic pFe export/uptake of
new + regenerated iron,’’ following Boyd et al. [2005]. Our
fe ratios vary from 0.06 to 0.16 and were inversely corre-
lated to the iron inventories (i.e., lower in the northern SAZ
at P1 and P3, and higher in the PF at P2), and Fe ratios vary
from 0.03 to 0.05. Both our fe and Fe ratios are comparable
with those calculated for FeCycle (fe = 0.17 and Fe = 0.09)
Boyd et al. [2005]. The SAZ-Sense fe ratios are lower than
the f ratio for the SAZ/PFZ during spring (�0.5) [Savoye et
al., 2004] and summer (�0.3, this study) (A.-J. Cavagna,
personal communication, 2009). This indicates widespread
iron limitation in these waters and highlights that the fluxes
of ‘‘recycled’’ iron (uptake and remineralization) within the
ferrous wheel are significantly greater (and are turned over
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more rapidly) than the fluxes of ‘‘new’’ iron. There is
clearly a need for further refinement of the cycling of iron
within the biogenic particulate pools to investigate the tight
coupling between uptake and remineralization, and to
understand where additional ‘‘new’’ iron supply originates
from in pelagic ecosystems where the biogeochemical
cycling of iron is dominated by the biota.

4. Conclusions

[29] The SAZ-Sense expedition provided an ideal natural
laboratory to study iron-driven elevated production and
biomass in differing water masses (subantarctic and polar
frontal regions) of the Southern Ocean. The seasonal
biomass and production observations in the PFZ/PF contrast
with those in the northern SAZ/STF, which implicates
alternative supply terms for iron into the northern and
southern subantarctic regions. In addition, comparison of
subantarctic regions southeast and southwest of Tasmania
has demonstrated a natural gradient of iron fertilization of
the Southern Ocean which will be important for examining
future climate-driven changes in iron supply and production
in the region, as well as in the greater circumpolar SAZ.
[30] At our PF station, we observed a close coupling

between iron and nutrients dynamics, where other iron
supply terms (advection, atmospheric deposition) were
lower. Previously, Moore et al. [1999] have suggested that
topography destabilizes the deep-reaching flow of the
Antarctic Circumpolar Current, leading to the formation of
mesoscale eddies and meanders which drive upwelling
supply of iron to surface waters. Sokolov and Rintoul
[2007] have further suggested that blooms along the South-
ern Ocean fronts are generally initiated by upwelling of a
limiting nutrient (presumably iron) where the flow crosses
bathymetric features, and the system appears to retain iron
efficiently, allowing the bloom to persist for long distances
(up to 2000 km) downstream of the iron source. Our data
indicates that the delivery of iron-enriched deep waters by
convective mixing and upwelling does relieve iron limita-
tion and support a deep chlorophyll maximum in the PF.
[31] Our budgets reveal very different iron supply and

loss terms in northern SAZ compared to the southern SAZ
and PF waters, with inherent differences between iron and
nutrients dynamics in northern SAZ waters. Here, the short-
term (weeks-months) iron supply decouples the full season-
al major nutrient cycles of convective mixing, uptake and
remineralization which results in elevated winter reserves
and summer minima in surface waters. Ellwood et al. [2008]
suggested that the main supply of dissolved iron into the
SAZ during winter is via Ekman transport of waters from
the south, although their cruise track was further offshore
and hence they may have missed iron supplied from the
continental shelf. Our calculations indicate that atmospheric
supply (despite the large uncertainties in this term) and
Ekman-driven lateral advection from the south cannot
supply enough iron to fuel the strong spring-summer
blooms within the frontal regions of the northern SAZ.
Our data indicate for the first time an important source of
iron to surface waters in the northern SAZ and STF
(particularly to the southeast of Australia) during summer.

This results from a combination of shelf sedimentary iron
transported laterally and to the south (via the EAC exten-
sion) over long distances (up to 1000 km) in subsurface
waters, and iron dust and/or bushfire smoke supplied off the
Australian continent in summer (both directly to the region,
and deposited further north and advected south). Although
inputs of continental margin iron [Lam and Bishop, 2008]
have been shown to be transported offshore in mesoscale
eddies [Johnson et al., 2005] in the north Pacific Ocean, our
observations are the first for Southern Ocean waters. Similar
iron supply processes will likely drive global biogeochem-
ical cycles more broadly in the wider circumpolar Southern
Ocean. The interaction of local eddies of the EAC extension
with the continental shelf-edge (where iron is entrained) are
important for resolving the fine-scale structure in dissolved
and particulate iron distributions in the region. The inter-
leaving of warm, salty, iron-enriched subtropical waters
over cooler, fresher, HNLC SAZ waters supports the ele-
vated, yet variable biomass and productivity observed in
this sector of the SAZ during spring and summer.
[32] The atmospheric depositional term in our budgets

may be the most difficult to constrain seasonally and
annually (it is based on sparse number of observations),
clearly pointing to the need for time series observations at
land-based sites and on ship’s of opportunity operating in
waters to the south and east of Australia. In addition, we
also clearly require a better understanding of the solubility,
residence time and bioavailability of iron in dust and
sedimentary particles. Our dissolved and particulate iron
observations (especially at depth), together with Fe/C up-
take and export data, will have important implications for
global ocean biogeochemical models, which clearly need to
focus on the importance of recycled versus new Fe.
[33] The SAZ-Sense observations have important longer-

term climatic implications for the productivity of the South-
ern Ocean for several reasons. First, the frequency and scale
of dust emissions (e.g., from Australia) are predicted to
increase with future changes in regional climate [IPCC,
2007], although how ocean biogeochemical cycles respond
on the global scale is uncertain [Tagliabue et al., 2008].
Second, the importance of the EAC (and similar western
boundary currents) may increase in coming decades as
atmospheric and ocean circulation changes driven by cli-
mate warming cause the SAZ to experience greater advec-
tive inputs from the subtropical gyres [Ridgway and Dunn,
2007; Hill et al., 2008], resulting in the penetration of iron-
enriched waters deeper south into the SAZ [Ridgway,
2007a]. Third, since overturning circulation is expected to
weaken with changes in climate resulting in increased
stratification and less delivery of nutrients such as iron
from below, boundary fluxes of sedimentary iron may
become increasingly more important for future Southern
Ocean productivity [Tagliabue et al., 2009]. Our study has
also highlighted the complexity of the biogeochemical
cycling of iron in dynamic oceanographic regions which
are naturally fertilized with this essential trace element
through multiple sources such as atmospheric dusts and
continental sediments, and demonstrated the need for high
resolution data sets over seasonal timescales. Additional
regional process studies are necessary to inform interna-
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tional trace metal programs such as GEOTRACES
(www.geotraces.org) which are focused on global ocean
sections.
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