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We report a comprehensive dataset of dissolved iron (Fe) comprising 482 values at 22 complete vertical

profiles along a 11 latitudinal section at the Zero meridian. In addition a shorter high resolution (�001090)

surface section of the southernmost part of the transect (661000–691350S) is presented. Within the upper

surface mixed layer the concentrations of dissolved Fe vary between 0.1 and 0.3 nM. An inverse trend

versus fluorescence suggests significant Fe removal by plankton blooms. Vertical mixing and upwelling

are the most important supply mechanisms of iron from deep waters to the upper surface mixed layer.

At lower latitude (421S) there is a distinct maximum of 0.6–0.7 nM in the 2000–3000 m depth range due

to inflow of North Atlantic Deep Water. In one region (551S) elevated dissolved Fe found in the surface

mixed layer is ascribed to the recent deposition of aeolian dust originating from South America. Close to

the Antarctic continent there is an indication of Fe supply in surface waters from icebergs. In the deep

waters there is a strong indication of a hydrothermal plume of dissolved Fe and Mn over the ridge in the

Bouvet region (52–561S). In the Weddell Gyre basin the dissolved Fe in the deep water is 0.4770.16 nM in

the eastward flow at �56–621S and is lower with a value of 0.3470.14 nM in the westward flow at high

�62–691S latitude. At the edge of the continental ice-sheet on the prime meridian, the continental margin

of the Antarctic continent appears to be lesser source of dissolved Fe than in any other place in the world;

this is likely because it is unique in being overlain by the extending continental ice-sheet that largely

prevents biogeochemical cycling.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Dissolved Fe has been recognized to be a key element for
phytoplankton growth in the world oceans (Coale et al., 1996). It
is needed for important biological processes such as photosynthesis
and is used in several enzymes (Sunda, 2001). Although Fe is the
fourth most abundant element in the earth crust, it is only available
in trace concentrations (generally o1 nM) in the oxygenated water
of the world oceans (De Baar and De Jong, 2001). In the Southern
Ocean, the presence of ample major nutrients (N,P, and Si) yet low
phytoplankton abundance has been hypothesized to be due to the
lack of this essential trace nutrient (Gran, 1931; Hart, 1934, 1942;
Martin, 1988) in combination with low light conditions (Sunda and
Huntsman, 1997). This was first confirmed in bottle incubations by
De Baar et al. (1990) and Buma et al. (1991), and since then has been
verified by others—see review by De Baar and Boyd (2000). During
in situ Fe fertilization experiments the effect of extra Fe was shown
repeatedly; however the light limitation effect of deep Surface Mixed
Layers due to high wind velocity also plays a key role (see reviews by
De Baar et al., 2005; Boyd et al., 2007). More recently natural Fe
ll rights reserved.

under).
fertilization was reported over shallow plateau regions around
subantarctic islands (Blain et al., 2007; Pollard et al., 2009).

Because of the low concentration of dissolved Fe in open ocean
waters, the sampling, filtration and analysis are very sensitive to
contamination. As a result the world ocean dataset of dissolved
Fe in the published literature is quite small in number of datapoints
and in geographical and vertical distribution, notably in the
Southern Ocean.

Recently, more ocean datasets of dissolved Fe have become
available in the Southern Ocean (Sedwick et al., 1997, 2008; Sohrin
et al., 2000; Boye et al., 2001; Measures and Vink, 2001; Croot et al.,
2004; Nishioka et al., 2005; Planquette et al., 2007; Blain et al.,
2008a; Lai et al., 2008), and elsewhere (Bell et al., 2002; Laës
et al., 2003, 2007; Sarthou et al., 2003; Boyle et al., 2005; Measures
et al., 2008). Recent world ocean data compilations have also been
made (Gregg et al., 2003; Parekh et al., 2004; Moore and Braucher,
2008) and include Fe values in the Southern Ocean. Nevertheless,
determination of the concentration and basin wide gradients of
dissolved iron in the deep ocean basins remains a challenge in
oceanography, mainly in the (less studied) deep Southern Ocean.

With the purpose of addressing this issue, two new develop-
ments have allowed major progress in sampling trace metals
over the recent years. Firstly, a new ultra clean sampling system
has been developed and successfully tested (De Baar et al., 2008)
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(see Section 2), allowing faster and more reliable clean sampling at
higher resolution, of specifically the deep waters. Secondly, inter-
national exercises (Bowie et al., 2003, 2006; Johnson et al., 2007)
have eventually led to the availability of certified reference samples
of dissolved Fe in seawater.

Several sources of dissolved Fe to the Southern Ocean can be
envisioned. The Fe in surface waters may come from above by dust
input originating from adjacent continental source regions, notably
Patagonia (South America), South Africa and Australia (Jickells and
Spokes, 2001; Sedwick et al., 2008). Alternatively Fe may come from
below by upwelling and upward mixing of deeper waters containing
higher dissolved Fe than the surface waters (Löscher et al. 1997; Croot
et al., 2004; Lai et al., 2008). Obviously the deep waters would in turn
need a source as well, where reductive dissolution within suboxic
marine sediments and remineralization of particles are known
sources of Fe (De Baar and De Jong, 2001) and Mn (Froelich et al.,
1979). Hydrothermal vents at active mid-ocean ridges are another
known source of dissolved Fe and Mn (Klinkhammer et al., 2001). The
parallel determination of dissolved Mn (Middag et al., 2011) may
provide clues as to these source terms. Finally in the polar oceans,
meltwater from the continental Antarctic ice-sheet continuously
flows into the sea where some of its Fe contents may become
dissolved. Moreover, icebergs broken off from the ice-sheet often
become temporarily grounded on the shelf and entrain dirt hence Fe
from the shelf sediments (Löscher et al., 1997). Finally, the seasonal
sea-ice also comprises some Fe (Lannuzel et al., 2008) which upon
melting may contribute to the Fe content of the surface waters.

Here we present the distribution of dissolved Fe at a high
resolution (11 latitude) transect (Fig. 1) over the complete 4–5 km
depth of the water column, overall 482 dissolved Fe values at 22
stations with 20–24 sample depths. This section is designed across
the Antarctic Circumpolar Current (ACC) as to be representative of
the ACC flowing all around Antarctica. Moreover the southernmost
part of the section represents the eastern extent of Weddell Gyre.
Within the Weddell Gyre, an additional small set of 24 samples for
dissolved Fe was collected in the very same surface waters from
66102.180S–69135.150S by deployment of a towed fish so as to
obtain high (�001090) resolution surface water concentrations.
This sampling scheme allowed us to accurately determine the
distribution of dissolved iron, and establish its sources in the
Atlantic sector of the Southern Ocean.
2. Materials and methods

2.1. Sampling

2.1.1. Vertical profile sampling

Seawater samples were collected during the ANT XXIV/3
expedition of the R.V. Polarstern (Cape Town to Punta Arenas:
10 February until 14 April 2008) on its first transect from Cape
Town to the Antarctic ice-sheet of Antarctica (Fig. 1). Here, in total
22 stations were sampled for analyses of dissolved Fe and other
trace metals (see Section 2.4). On the prime meridian transect, the
resolution is typically 11, except for a station at 66130.060S instead
of �661S and the southernmost station at 69124.030S close to
the approximately 200 m thick ice-sheet extending beyond the
Antarctic continent over the shelf seas.

All bottles used for storage of reagents and samples were
cleaned according to an intensive three step cleaning protocol
extensively described by Middag et al. (2009). Samples were taken
using 24 internally Teflon-coated PVC 12 l GO-FLO Samplers
(General Oceanics Inc.) mounted on a Titanium frame which was
connected to a Kevlar hydrowire with internal signal cables for data
transfer and control from the ship. Directly upon recovery the
complete frame with samplers was placed inside a class 100 clean
container (De Baar et al., 2008). Seawater was filtered in line over a
0.2 mm filter cartridge (Sartrobran-300, Sartorius) under 1.5 bar
nitrogen pressure. Before seawater collection, the first 0.5 l. of
seawater was filtered and disposed for rinsing purposes. Two
(one for measuring, one for back-up) LDPE sample containers
(NALGENE, 60 ml) were filled from each GO-FLO sampler for
analyses of dissolved Fe.
2.1.2. Surface water sampling

In the Weddell Gyre, close to the Antarctic continent 24 addi-
tional samples were collected along the southernmost part of the
transect (66102.180S–69135.150S) using a towed epoxy-coated stain-
less steel torpedo deployed off a crane arm on the starboard side of
the ship, after De Jong et al. (1998). In between vertical sampling
stations, a seawater sample was collected every hour, and was
analyzed as described in Section 2.5. Due to differences in ship speed
this resulted in a slightly unequal resolution of 001090 on average.
2.2. Analysis of Fe

2.2.1. Chemicals

A solution of 0.4 M hydrochloric acid was made by diluting 30%
concentrated HCl (Merck, suprapur, 10 M), 0.35 M H2O2 solution by
dilution of 30% H2O2 (Merck, suprapur) and the 0.96 M NH4 solution
was made from 25% NH4OH (Merck, suprapur). A luminol stock
solution was prepared by dissolving 270 mg luminol (3-aminophtal-
hydrazide, Aldrich) and 500 mg potassium hydroxide in 15 ml Milli-Q
(MQ) water (MQ water is defined as ultrapure water with resistance
Z18.2 MO). To prepare the final reagent used in this system 3 ml of
luminol stock solution and 60 ml triethylenetetramine (TETA) (Merck)
were diluted in 1 l of MQ. The 0.12 M ammonium acetate buffer
(pH¼6.5) was made by diluting a 2.0 M buffer solution. This 2.0 M
buffer solution was obtained by a tenfold dilution of a saturated
solution of ammonium acetate crystals after Aguilar-Islas et al. (2006).
2.2.2. Method

The shipboard analysis method used is by Flow Injection—

Chemiluminescence method with preconcentration on iminodiacetic
acid (IDA) resin as described by De Baar et al. (2008), with some minor
modifications. One modification is the initial acidification of the
samples; here the samples were acidified to pH¼1.8 by adding
120 ml/60 ml sample (2%) of ultraclean HCl (12 M) (Seastar Base-
linesHydrochloric Acid, Seastar Chemicals) and left for at least 12 h
before analyzing.

The method detects Fe (III). Here, we ensured that all the Fe was
in the Fe (III) form, by adding 60 ml of a 1% hydrogen peroxide
(Merck suprapur 30%) solution at least 1 h before measuring as
recommended by Johnson et al. (2007).

All samples from one station were measured within one run,
from surface to deep and each sample analyzed in triplicate as
follows. Each sample was buffered in-line to pH¼4.0 by mixing it
with a 0.12 M acetate buffer (pH¼6.5). After buffering, the sample
passed over a chelating iminodiacetic acid (IDA, Toyopearl, AFChe-
late 650 M)) column for 120 s. The column was rinsed by flow-
through of MQ for 1 min before the Fe was eluted with 0.4 M HCl
(Merck suprapur). A four port selection valve (VICI, Switzerland)
was used for switching between buffer/sample and MQ passing
over the IDA—preconcentration column.

The eluent was mixed with 0.96 M ammonia, 0.35 M hydrogen
peroxide and the luminol solution. The mixture passed through a 5 m
length mixing coil in a constant 35 1C water bath, before injection in a
Hamamatsu (HC 135) photon counter. This injection step took 180 s.

A six port injection valve (VICI, Switzerland) was used to switch
between inflow of sample, rinsing MQ over the column and elution



Fig. 1. Research area with station positions. Presented are all stations sampled for trace metals during the ZERO meridian transect of ANT XXIV/3, including station numbers

for sampling with the ultraclean Titanium frame. Not shown are other stations in between (i.e. the missing numbers) where additional data of major nutrients and other

variables was collected with a regular CTD/Rosette. Also, the �66 to 69.3001S region where the towed fish is deployed for Surface Water Sampling is shown. Depth isolines are

shown as well as fronts (normal, black), zones (italic, red) and major currents (arrows). Abbreviations in alphabetical order: AAZ: Antarctic Zone; ACCn: Antarctic Circumpolar

Current northern branch; ACCs, Antarctic Circumpolar Current southern branch; ACoC: Antarctic Coastal Current; PF: Polar Front; PFZ: Polar Front Zone; SAF: Subantarctic

Front; SAZ: Subantarctic Zone; SB-ACC: Southern Boundary of the ACC; STF: SubTropical Front (dotted line, its position not sampled nor defined in our cruise); WG: Weddell

Gyre. The inset shows the sampling transect (red) in a regional context, also the Weddell Gyre is indicated. This figure is made using Ocean Data View (Schlitzer, 2009).
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by HCl. The autosampler valve, both switching valves and the
detector were controlled by an interface developed in LabViewTM.

The system was calibrated for every run using standard addi-
tions (0.1–1.5 nM range) of an 895.5 nM Fe stock solution to filtered
seawater obtained from the subsurface minimum, with lowest Fe
concentrations. This calibration seawater was taken for each
station at the depth of the chlorophyll maximum. Concentrations
varied between 0.05 nM (station 163) and 0.25 nM (station 138).
The stock solution was obtained by dilution of a 1000 ppm ICP-MS
standard (Fluka Chemicals).
2.3. Blank, limit of detection and validation

Regularly the combined blank of the 1 min MQ-column wash
and the 0.4 M HCl for elution of the column was calculated from the



Fig. 2. Schematic overview of the transect with above the upper 200 m and below the

200–5500 m depth range. The red line indicates the depth of the Surface Mixed Layer

(SML). Water masses as further described in the online supplement are as follows: SASW:

SubAntarctic Surface Water; AASW: Antarctic Surface Water; WW: Winter Water;

AAIW: Antarctic Intermediate Water; Upper Circumpolar Deep Water; NADW: North

Atlantic Deep Water; LCDW: Lower Circumpolar Deep Water; WDW: Warm Deep

Water; AABW: Antarctic Bottom Water; WSDW: Weddell Sea Deep Water; WSBW:

Weddell Sea Bottom Water. Below the graph the average Fe concentration

(average, standard deviation, n) is reported for both the SML and the Deep Water in

the three distinct regions of the transect. This figure is made using Ocean Data View

(Schlitzer, 2009).
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amount of counts measured upon zero (0) s loading time. The
average value for this blank was 32714 pM Fe (n¼19) and this
blank did not exceed 60 pM. By double versus single addition of the
H2O2 it was found that this did not cause a blank. The contribution
of the Seastar BaselinesHydrochloric Acid is deemed to be negli-
gible (o0.04 pM/sample).

The detection limit was determined regularly and defined as the
standard deviation of 5 peaks of 10 s loading of low-Fe seawater
(subsurface minimum), multiplied by 3. Average detection limit
was typically 5.772.9 pM Fe (n¼4), and the detection limit did not
exceed 8.5 pM Fe.

In order to validate the accuracy of the system, standard
reference seawater was measured regularly, also in triplicate. This
water was obtained during the preceding SAFe-cruise in 2004 and
has since then proven to be of great value for validation of on-board
Fe measurements (Johnson et al., 2007). There is SAFe surface
(S) water and SAFe deep (D2) water available to validate against
different ranges of Fe concentration. The average value of the SAFe S
waters we found was 0.1370.021 nM Fe (n¼11) for our analysis,
compared to the community consensus value of 0.09770.43 nM.
However, a small difference between different SAFe S bottles
appears to influence the results. Obtained concentrations of
0.1670.01 nM Fe (n¼3) for bottle S-391 and 0.172 nM for bottle
S-135 (n¼1) elevate our results for SAFe S calibration water. When
excluding latter bottles S-391 and S-135 the average value of SAFe-S
waters we found was 0.1170.012 (n¼7). For the SAFe deep (D2)
inter calibration waters we found an average value of 0.9670.06 nM
Fe (n¼10), consistent with the community consensus value of
0.9170.17 nM (Johnson et al., 2007).

2.4. Other parameters

Samples for dissolved manganese (Mn) and aluminium (Al) and
Zinc (Zn) were taken from the same Titan system, and results
reported by Middag et al. (2011a, b) and Croot et al. (2011),
respectively. Also major nutrients (silicate, nitrate and phosphate)
were measured from samples from the Titan system,
as well as at in-between stations using a standard CTD/Rosette
system. Salinity (conductivity), temperature and pressure (depth)
were measured using the CTD system (Seabird SBE 911+) mounted
in the titanium frame. This CTD system also included a Chelsea
MK-III fluorometer, for measurements of fluorescence (arbitrary units).
Another CTD/Rosette with regular samplers was deployed at in-
between stations and did provide vertical light transmissometry
records indicative of the abundance of suspended particles.

The meteorological parameters, including precipitation, were
measured regularly by the shipboard staff of the German Meteor-
ological Service. Underway salinity and temperature were measured
every ten seconds at a depth of 5 m using an instrument operated by
the company FIELAX. Synoptic sea-ice and ice-berg data were
registered on board by dedicated ice-watch person on the bridge.

2.5. Database

The complete database of dissolved Fe and ancillary variables is
available in the electronic supplement www.deepsearesearch.com.
An overall 508 data values of dissolved Fe are listed, among which
482 values are used in this manuscript. Another 26 values (5.1% of
the total dataset) are flagged as (suspect) outliers. These 26 outliers
were not used in figures and in the interpretation of this manu-
script. The criteria for rejection are based on the comparison with
other parameters measured from the same GO-FLO sampler, and
curve fitting versus samples collected above and below the suspect
sampler. The criteria for the rejection of values are described in the
online supplementary material. The complete relational database
will be available at the international GEOTRACES datacentre
(http://www.bodc.ac.uk/geotraces/).
3. Results

3.1. Hydrography and major nutrients

The hydrography with major fronts, zones and currents (as
described in the online electronic supplement) is shown schemati-
cally in Fig. 1. Along the complete vertical section the different water
masses and the depth of the Surface Mixed Layer are shown in Fig. 2.
Throughout the section the distinct surface layer with uniform
potential density represents the Surface Mixed Layer (SML). The
depth of this Surface Mixed Layer (Table 1) varied between 28 and
124 m and was typically �100 m deep from station 101 (�421200S)
to station 128 (�581S), and was 25–50 m deep from stations 131 to
175 (�59–691S). On average the SML depth was �65 m.

The distributions of nitrate and silicate along the section are shown
in Fig. 3. The distribution of phosphate is similar to that of nitrate (here
not shown, see graph S-1 in online electronic supplement).

In the surface waters of the Subantarctic Zone at the northern-
most station 101 (Fig. 4) there is ample nitrate at �15 mM. Going
further southward the nitrate in surface waters further increases
(Fig. 3) to about 26 mM (Fig. 4 stations 113 and 167) which is the
typical summer value in the Southern Ocean, due to seasonal
depletion by biological uptake with about 6 mM versus the winter
water at typical 32 mM. The trends for phosphate (not shown) are
similar as for nitrate, increasing from 1.04 mM (station 101) to the
typical summer value of about 1.7 mM (stations 113 and 167). Thus
at all stations phosphate and nitrate conditions were non-limiting
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Table 1
Mixed layer depths, SML average values for Fe and fluorescence and 25 m average values for Fe and Al.

Station Latitude (1S) SML depth (m) Surface mixed layer average Upper 25 m average

Fe (nM) Fluoresence Fe (nM) Al (nM)

101 42.34 46 0.28 0.41 0.30 0.85

103 46.00 65 0.22 0.65 0.26 1.33

104 47.66 80 0.19 0.42 0.17 0.62

107 50.27 95 0.21 0.29 0.18 0.62

110 51.95 124 0.11 0.32 0.18 0.61

113 53.00 133 0.18 0.31 0.15 0.56

116 54.00 102 0.29 0.14 0.33 1.14

119 55.00 95 0.33 0.10 0.47 1.78

122 56.00 77 0.34 0.14 0.41 0.75

128 58.00 73 0.18 0.23 0.18 0.53

131 59.00 67 0.13 0.11 0.17 0.61

135 60.01 40 0.24 0.16 0.27 0.35

138 61.00 42 0.25 0.19 0.25 0.32

141 62.00 47 0.27 0.31 0.27 0.52

144 63.00 47 0.23 0.30 0.23 0.82

147 63.97 28 0.32 0.26 0.32 1.46

150 65.00 33 0.16 0.70 0.16 0.57

161 66.50 32 0.23 0.63 0.23 1.40

163 67.00 39 0.15 1.16 0.15 0.36

167 68.00 42 0.10 1.29 0.08 0.35

175 69.00 45 0.13 1.68 0.13 0.20

178 69.40 67 0.32 1.60 0.34 0.64

Fig. 3. Color and contour plots of the concentration (mmol/kg) of nitrate (upper graph) and silicate of the transect. Due to extra hydrocasts with regular CTD/Rosette there are

more individual datapoints (dots) than in Fig. 5 for dissolved Fe. This figure is made using Ocean Data View (Schlitzer, 2009).
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for phytoplankton growth. The silicate is found to be depleted at
0.5 mM at station 101 (Fig. 4A), then slowly increases southward
(Fig. 3) to 0.9 mM (station 103), 1.9 mM (station 104), thus less than
the common 1 mM criterion for conceivable limitation of large
diatoms. Across the Polar Front the silicate shows the well-known
steep rise to the maximum surface value of 68 mM (station 130, not
shown) and then slightly decreases again to 51 mM (not shown) at
southernmost station 178 near the continental ice-sheet. These
surface waters show low summer values of silicate and nitrate
coinciding with temperature stratification (Fig. 4, see inset graphs
of station 113 and station 167). An improved more stable light
climate due to summer stratification has most likely favored
diatom growth (De Baar et al., 2005) in the preceding months
before our sampling, however there still is ample nitrate and



Fig. 4. Depth profiles of silicate (full circle) and nitrate (empty circle) of station 101 (A), station 113 (B) and station 167 (C) as indicative of three distinct regions (see text).

Insets in each graph show the upper 200 m at expanded scales of silicate and nitrate (horizontal; mM) and depth (vertical), as well as potential temperature (dotted line) with

additional scales (ranging from 7 to13 1C, 0 to 1.8 1C and �2 to 1 1C) along the horizontal axis.
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silicate available. Here the combination of limitation by light
with Fe deficiency is deemed limiting for phytoplankton growth
(De Baar et al., 1990, 1995, 2005).

In the deep waters the more saline NADW coming from the
north and rising southwards is easily recognized by the relatively
low nitrate in the 2000–3000 m depth range as marked by the black
contour drafted at 29 mM (Fig. 3). This nitrate minimum is also
visible in the vertical profiles of nitrate at station 101 (Fig. 4A)
where in the same 2000–3000 m depth interval the silicate is
uniform (and actually shows a slight minimum), as opposed to its
typical steady increase with depth (station 113) elsewhere along
the section and in the world oceans.
3.2. General distribution of dissolved Fe throughout the water column

Along the complete section (Fig. 5) the dissolved Fe is depleted
in the surface waters (upper graph) in two regions at 46–52 and
66–691S, respectively. In between there is station 119 at 551S with
elevated Fe in surface waters attributed to a recent aeolian dust
input (see Section 4.1.1.2).

The deep waters (Fig. 5, lower graph) clearly show the elevated
dissolved Fe in the NADW, where the Fe¼0.55 nM contour (bold
black line) more or less overlaps with the NO3¼29 mM contour
(bold black line, Fig. 3). More southwards there is a strong Fe
maximum over the Bouvet region attributed to hydrothermal input
(see Sections 3.4.2 and 4.2.1.2). In this region, the Fe¼0.6 nM
contour (bold black line) strongly overlaps a similar Mn¼0.3 nM
contour also delineating the hydrothermal plume (Middag et al.,
2011a). In contrast in the further southward Weddell Gyre the
dissolved Fe becomes extremely low, with values decreasing from
the eastward flowing branch (�601S) to the westward flow
(�661S).

For the three distinct regions vertical profiles of dissolved Fe are
shown in Fig. 6. All vertical profiles (Fig. 6) show a slight elevation in
the surface (less clear at station 167), a subsurface minimum, and
then low, slightly varying but increasing concentrations (o0.45 nM
in the SubAntarctic region and Weddell Gyre, maximum 0.68 nM at
1000 m above the Bouvet region) until around 750–1000 m depth. In
the SubAntarctic region, higher concentrations of �0.5 to 0.6 nM
occurred from 2000 to 3000 m, below which concentrations
decreased until 40.4 nM (station 101, Fig. 6A). The stations over
the ridge crest in the Bouvet region showed a different vertical
profiles, with deep values 41 nM from 1200 m downwards and a
maximum of 2.2 nM at 1750 m depth (station 116). In the Weddell
Gyre the Fe concentrations were relatively constant at about 0.5 nM
until the bottom (Fig. 6C, station 167).

For the three regions, the average dissolved Fe in the Surface
Mixed Layer was 0.25 and 0.24 nM in the subAntarctic region and
Bouvet region, respectively (Fig. 2), but significantly lower at
0.20 nM in the remote Weddell Gyre region, most notably in the
westward flow at 66–691S (Fig. 5, upper graph). In the deep waters
the average dissolved Fe was significantly higher at 0.60 nM over
the Bouvet region (Fig. 2) due to hydrothermal input as compared
to 0.41 and 0.42 nM in the adjacent deep subAntarctic and deep
Weddell Gyre regions, respectively.
3.3. Fe in the surface waters

3.3.1. Fe in the upper surface mixed layer

The surface waters were sampled in February and therefore
represent the end of austral summer conditions. The upper surface
concentration was measured at 10–25 m and was generally below
0.3 nM, except for stations 116 and 119 (54 and 551S), where Fe
concentrations were 40.4 nM.

The depth profiles of the Fe concentration showed a subsurface
minimum at depths varying from 25 to 200 m. A significant decrease
of this subsurface minimum was found from station 138 (611S)
(0.2570.01 nM) to station 175 (691S) (0.0570.001 nM), with the
strongest decline from station 161 (661300S) (0.1670.008 nM)
southwards. Moreover, the depth of the subsurface minimum
followed the latitude: deeper minima were found at the higher
latitudes.



Fig. 5. Color and contour plot of the concentration of dissolved Fe (nM) of the transect in the upper 500 m (upper graph) at expanded vertical depth scale, and over the

complete �5000 m depth (lower graph). Dots indicate Fe datapoints, trace metal station numbers are indicated. This figure is made using Ocean Data View (Schlitzer, 2009).

Fig. 6. Depth profiles of dissolved Fe (filled dots) and salinity (thin line) of station 101 (A), station 113 (B) and station 167 (C) as indicative of three distinct regions (see text).
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3.3.2. Underway sampling of the southernmost surface waters

With the towed torpedo samples were taken from the very
upper water column (2–3 m depth), thus represent the upper
surface waters. Fig. 7 shows the concentrations obtained with the
torpedo together with the averaged surface mixed layer concen-
tration of dissolved Fe. From 661S to 671S (0.1–0.2 nM) dissolved Fe
in the upper meters tended to be lower than the averaged surface
mixed layer concentration. From 671S southwards the concentra-
tion in the upper meters nicely followed the surface mixed layer
average, with exception of concentrations at 67116.340S (�0.3 nM)
and 67145.570S until 68130.520S (�0.3 nM). Very high (�0.7 nM)
concentrations were observed at 66133.820S and 68100.000S. At the
66133.820S position this coincides with a strong salinity minimum
(Fig. 7A) and the local observation of many icebergs. From 691S
southwards towards the continental ice-sheet, both the Fe in the
upper 2–3 m and its averaged surface mixed layer concentration
increased. The salinity at a 5 m depth was relatively constant at a
value of around 34.2, till �661200S (Fig. 7A). From there, the salinity
values fluctuated from 34.03 to 34.13 with an exceptional depres-
sion to 33.93 at �661300S. A strong increase was observed (S¼34.2)



Fig. 7. (A) Transect plot of the concentration of dissolved Fe in the upper 1–2 m of

the water column, as obtained by the towed fish (see text) (filled circles). Also

plotted are surface mixed layer average Fe concentration collected with GO-FLO

samplers (open circles) and the salinity at 5 m depth from the ships inlet (Fielax)

(solid line with dots). Despite some mismatch in sampling inlets and their sampling

depth as well, and patchiness of filaments of mixing (melt)waters, distinct Fe

maxima tend to coincide with salinity minima due to meltwater. Observed melting

of icebergs and the ice-sheet is indicated. (B) Same as (A), but at expanded scales

(region adjacent to the ice-sheet). Notice increasing dissolved Fe coinciding with

decreasing salinity due to meltwater. The three Fe samples at 69.3601S were

collected when the ship travelled straight westward in an open polynia, the

different Fe values (0.26, 0.25 and 0.15 nM) illustrative of patchiness of meltwater.

Fig. 8. Relation between dissolved Fe (nM) and potential temperature (y) (1C)

within the Weddell Basin, for all waters with y4�0.7 and salinity 434.6. (Deep

waters: WDW, WSDW). [Fe]¼�0.13y+0.40. (R2
¼0.45, Po0.01, n¼145.)
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at 691000S, followed by a decline of salinity towards the ice-sheet;
the southernmost station at �691360S had a salinity of 33.7. This is
immediately adjacent to the massive ice-sheet extending from the
continent, and many icebergs were also present.

3.4. Fe in the deep waters

Here, we follow the subdivision in three distinct regions (Fig. 6).

3.4.1. Subantarctic region

The properties of these waters are largely influenced by the
intrusion at the 2000–3000 m depth of the North Atlantic Deep
Water (NADW) (Gladyshev et al., 2008). The core of the NADW was
located at the �3000 m depth at station 101 (421200S) (Fig. 6A) and
gradually rising to 2000 m depth at station 104 (471400S), although
at the latter latitude the Fe rich NADW has been diluted strongly by
mixing and was less pronounced (Fig. 5). The concentration of
dissolved Fe was slightly elevated from 2000 to 3000 (�0.6 nM),
compared to the overlying and underlying waters (�0.4 nM)
(Figs. 5 and 6A).

3.4.2. Bouvet region

The deep waters above the ridge contained high concentrations
of dissolved Fe compared to the waters South and North of the
ridge. This high concentration was most prominent in the deeper
waters and separated by a subsurface Fe minimum (0.05–0.20 nM)
from the surface waters.

At stations 110 and 113 (52–531S), the concentration steadily
increased with depth from �0.3–0.4 to �0.55 nM at the 1250 m
depth. This general increase in dissolved Fe with increasing depth
coincided with the layer of relatively high salinity and potential
temperature, which indicates mixing of LCDW with the NADW
(Veth et al., 1997). At station 119 (�551S), a maximum in dissolved
Fe concentration of 1.2–1.8 nM was followed by decrease to
�0.8 nM Fe at the 1250 m depth.

The concentration of Fe in the LCDW varied with latitude;
concentrations were about �0.5 nM, interrupted by elevated
concentrations (maximum 2.2 nM).

3.4.3. Deep Weddell Gyre

Also in the Weddell Gyre a subsurface minimum is observed.
Below this minimum the concentration gradually increased until
a relatively constant concentration of �0.45 nM was observed at
750–1000 m (Figs. 5 and 6C). Below the AASW the Fe concentrations
gradually increased with depth. The downward increase was less
pronounced and was observed only at shallower depths in the
Northern part of the Weddell Gyre (stations 128–141; �57–621S),
compared to the Southern part (stations 141–175: �62–691S). At
station 163 (�671S) relatively low concentrations of �0.4 nM Fe
were found as deep as 2500 m, and these concentrations did not
change towards the bottom (Fig. 6C). This region of relatively low
(o0.4 nM) Fe concentration appears to coincide with a slight increase
in salinity and potential temperature, which indicates the presence of
WDW. Moreover, in the centre of the Weddell Gyre, out of the
influence of the Bouvet Region, from stations 131 to 175 (59–691S),
dissolved Fe showed a negative relationship with potential tempera-
ture for waters with y4�0.7 1C and salinity 434.6 (comprising
WDW and WSDW according to (Klatt et al., 2005)), as follows:

½Fe� ¼ �0:13yþ0:40 ðR2 ¼ 0:45,Po0:01,n¼ 145Þ ð1Þ

as shown in Fig. 8 and discussed in Section 4.2.1.3.



Fig. 9. Transect plot of concentrations of dissolved Fe (open circles) and dissolved Al

(filled circles) in the upper 25 m of the water column. For deriving a correlation

between Al and Fe, the southernmost station near the ice-sheet has been excluded

(Eq. (2), see Section 4.1.1.3).
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4. Discussion

4.1. The Fe cycle in the surface waters

4.1.1. Sources of dissolved Fe in the surface waters

The sources of the dissolved Fe in surface waters may be (i) from
below by upwelling and vertical mixing of deeper Fe-rich waters,
(ii) from above by partial dissolution of aerosol deposition, (iii)
from seasonal melting of the seasonal sea-ice cover of the Southern
Ocean, or from partial dissolution of sediment carried along from
(iv) the Antarctic ice-sheet with calving and melting icebergs or
(v) from the (Antarctic) continental margin sediments.

4.1.1.1. Upwelling and vertical mixing of deep waters with higher Fe

concentration. Fe can be delivered in the surface waters from
below, by both advective transport and turbulent diffusive fluxes
(eddy-diffusion) (De Baar et al., 1995; Löscher et al., 1997; Croot
et al., 2004). Here, we estimated the contribution of both processes,
by using the same approach as De Baar et al. (1995) for all stations.
For each station, we take the average value of all datapoints deeper
than 1000 m as an estimate of the deep water concentration. The
average value for all stations is 0.5570.19 nm (n¼222). By mul-
tiplying with a typical annual average upwelling velocity of about
15�10�5 cm s�1 (Gordon et al., 1977), we obtain a typical annual
average advective Fe flux of the order of 0.82 pmol m�2 s�1. Due
to the now established lower deep Fe concentrations than pre-
viously reported (Löscher et al., 1997) this advective upwelling
transport is about half the advective flux (1.7 pmol m�2 s�1)
previously reported by De Baar et al. (1995) and Löscher et al.
(1997), yet higher than the advective upwelling transport of
0.41 pmol m�2 s�1 reported by Croot et al. (2004). Large regional
differences appear in the average annual advective fluxes; our
average value within the ACC is 1.05 pmol m�2 s�1, compared to
0.66 pmol m�2 s�1 in the Weddell Gyre. Moreover, seasonality in
upwelling velocity is well known to occur but cannot be taken into
account due to lack of seasonal observations thus far. Although
the advective upwelling flux here is calculated per station,
some uncertainties may arise by using the average Fe concentra-
tion 41000 m There are some variations in deep Fe concentrations
(Fig. 2). The standard deviation of all deep water concentrations,
being 0.19 nM or 30% affects the derived annual average upwelling
flux accordingly.

We also calculated the vertical mixing or eddy-diffusive flux
defined as the product of the typical annual average vertical
turbulent diffusivity coefficient (Kz) (3.0�10�5 m�2 s�1) and
d[Fe]/dz (De Baar et al., 1995; Löscher et al., 1997). Here, d[Fe]/dz

is defined as the concentration difference in dissolved iron between
the deepest value within the surface mixed layer and the shal-
lowest value directly below the surface mixed layer. However, the
differences in vertical distance to the base of the surface mixed
layer varies between the different stations, introducing some small
errors to the eddy-diffusive flux calculation. At 62–651S a Fe
minimum is observed directly below the surface mixed layer, at
the depth of the fluorescence maximum. In these stations the
dissolved iron concentration directly below the pycnocline is used
as the deepest concentration, here taking pycnocline depth values
after Middag et al. (2011a, Fig. 8). Due to a slight elevation of
dissolved iron concentration within the very shallow surface mixed
layer a negative (downward) eddy-diffusive flux is calculated at
one station (station 150, �651S). Nevertheless, the annual average
upward eddy-diffusive flux equals 0.034 pmol m�2 s�1 for the
complete transect, which is comparable to the estimation of
0.048 pmol m�2 s�1 by Croot et al. (2004). On an annual basis,
our reported total upward transport equals 27.07 mmol m�2 y�1

(26.01 plus 1.06 mmol m�2 y�1) representing the average of a
somewhat higher upward transport of 34.0 mmol m�2 y�1 in the
ACC and a somewhat lower upward transport of 31.6 mmol m�2 y�1

in the Weddell Gyre. Measures and Vink (2001) reported
30–33 mmol m�2 y�1 transported by upwelling, and 0.47 mmol m�2

y�1 by vertical mixing in the Pacific sector of the Antarctic
Circumpolar Current at 1701W, similar to our estimates. For the
Australian sector of the Southern Ocean, at 1401W Sedwick et al.
(2008) reported a vertical resupply of �0.01 to 0.1 nM over a
4 month summer period due to eddy-diffusion. Our upward
transport of 34.0 mmol m�2 y�1 in the ACC (SML depth �100 m)
and that of 31.6 mmol m�2 y�1 in the Weddell Basin (SML depth
�50 m) leads to an estimate of �0.11 to 0.14 nM increase for the
same period, and thus 0.33–0.42 nM/y. Overall the rates of
advective upwelling transport are virtually the same in the Pacific
and Atlantic sectors, but the Fe supply rate of vertical mixing
appears to be larger in the Atlantic part of the Southern Ocean (this
study; Croot et al., 2004). In the Australian sector of the Southern
Ocean, Lai et al. (2008) also ascribed higher Fe concentrations in
surface waters to upwelling deep waters, as confirmed by high
salinity, temperature and silicate concentrations.

4.1.1.2. Fe sources from atmospheric deposition. Input of dissolved
Fe by dissolution of aeolian transported particles (dust) originating
from land is a well recognized mechanism (Martin and Fitzwater,
1988; Fung et al., 2000; Jickells et al., 2005; Cassar et al., 2007;
Planquette et al., 2007). Dissolved Al is deemed a suitable tracer for
dust deposition (Measures et al., 2008; Han et al., 2008). We here
calculated dissolved Fe and Al averaged over the upper 25 m from
the vertical sampling (Fig. 9, Table 1). Surface Al and Fe show a weak
similarity along the transect (Fig. 9). When we exclude station 178,
nearest to the ice-sheet (where surface water Fe is influenced by ice
melt, Section 4.1.1.4), we observe a weak but significant correlation
between the upper 25 m averaged dissolved Fe and Al, as follows:

½Fe� ¼ 0:15½Al�þ0:12 ðR2 ¼ 0:46,Po0:01,n¼ 21Þ ð2Þ

The here observed Fe:Al ratio of 0.15 is lower than the ratio 0.26
for the continental crust reported by Wedepohl (1995), but is not
very different from the ratio of 0.19 reported by Mackie et al. (2006)
for precipitated dust. Removal of dissolved Fe due to uptake by
phytoplankton can lower the Fe concentration compared to Al,
leading to a slightly lower Fe:Al ratio. Although estimations of the
share of wet deposition to the total worldwide deposition vary from
23% to 73% (Jickells and Spokes, 2001), the importance of wet



Fig. 10. Five day (120 h) back-trajectory analyses for air parcels at elevations of 10 (green), 500 (blue) and 1000 (red) m, as calculated using the NOAA HYSPLIT model (Draxler

and Rolph, 2003). The back-trajectories start from (A) 53100.00S at 15:00 UTC on February 20, 2008, (B) 55100.00 S at 21:00 UTC on February 21, 2008 and

(C) 61100.00 S at 16:00 UTC on February 26, 2008, respectively.
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deposition is confirmed by Hand et al. (1999) and Wolff et al, 1998
(summarized by Hand et al., 1999). During the transect we
encountered a strong rain event with 0.3 mm h�1 on average at
531480S and another rain event with an average of 0.18 mm h�1 at
551400S (data not shown). Therefore the local elevated concentra-
tions of dissolved Fe and Al observed in the upper 25 m (Fig. 9)
around 54–561S are ascribed to recent wet deposition. This is
consistent with previous findings of Croot et al. (2004) in the
region. Air mass back-trajectories (Fig. 10A) are consistent with
dust input originating from Patagonia causing elevated dissolved
Fe and Al at about 551S (Fig. 10B), in contrast to the adjacent regions
(Fig. 10A and C).

Dust deposition model studies show a gradual decrease in dust
deposition towards the south (Mahowald et al., 1999; Duce and
Tindale, 1991; Cassar et al., 2007) and recognize the relatively high
contributions of dust coming from Patagonia, reaching almost as far
east as the zero meridian at �551S. Using such model results, the
transect here occupied lies completely within the 0–0.2 g m�2 y�1

deposition range (Jickells et al., 2005; Mahowald et al., 2005).
According to Duce and Tindale (1991) the dust deposition range
over the transect varies from 40.1 g m�2 y�1 in the north part of
our transect to o0.01 g m�2 y�1 towards the Antarctic continent.
Recently, an increase in solubility with decreasing dust concentra-
tions was reported (Baker and Croot, 2008). Baker et al.
(2006) report a median value of 8.3% solubility in the remote
South Atlantic and Edwards and Sedwick (2001) reported a median
value of 32% solubility in samples of snow from Antarctica. Hence,
we take the 8.3% solubility for the remote South Atlantic (and
0.1 g m�2 y�1 dust deposition (Duce and Tindale, 1991) as a lower
limit and the 32% solubility of Antarctic snow (and 0.01 g m�2 y�1

dust deposition (Duce and Tindale, 1991) as an upper limit. Using a
Fe content of dust of �3.5%, as reported by Taylor and McLennan
(1985) and used by Mahowald et al. (2005), this results in
an influx rate of Fe dissolved from dust between 2 and 5.2�
10�6 mol m�2 y�1. In terms of the concentration of dissolved Fe
over an average 65 m deep SML, this would represent an annual
increase of 0.03–0.08 nM due to dust input alone. This is an order of
magnitude lower than the atmospheric Fe influx reported by
Sedwick et al. (2008) north of the Polar Front, in the Australian
Sector of the Southern Ocean. This difference may partly be
explained by differences in the dust deposition; Jickells et al.
(2005) and Mahowald et al. (1999) estimated the dust deposition
directly South of Australia to be between 0.2 and 2.0 g m�2 y�1,
roughly an order of magnitude higher than the flux over the zero
meridian. Lancelot et al. (2009) suggest a modeled dust deposited
Fe flux of 0.02–0.1 pmol m�2 s�1 over the zero meridian, which is
in close agreement with our findings.
4.1.1.3. Melting of seasonal sea-ice. Several studies discuss the
seasonal melting of sea-ice as a possible mechanism of dissolved Fe
input in the Surface Mixed Layer (SML) (Löscher et al., 1997;
Measures and Vink, 2001; Croot et al., 2004; Lannuzel et al., 2008).
Simulations of the Antarctic sea-ice extent by the University of
Bremen (http://iup.physik.uni-bremen.de:8084/amsr/amsre.html)
show that our study region is virtually sea-ice free throughout
February 2008 till the end of March 2008. The freshwater released
by sea-ice melt earlier in the season causes a relatively fresh layer
on top of the more saline, colder winter water (WW) (Park et al.,
1998, Fig. 4). From 601S to 69.2401S (stations 135–178), we can
clearly distinguish the latter more saline colder winter water (WW)
with potential temperature of ��1.65 1C and salinity of �34.34,

http://iup.physik.uni-bremen.de:8084/amsr/amsre.html
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using data from the CTD profiles in our stations. If we assume that
the salinity deficit between the surface and the winter water is
caused solely by sea ice melt, and sea-ice salinity is 5 (ice plus brine;
Eicken, 1992) we can calculate the apparent winter sea-ice
thickness by integrating the salinity deficit at each depth from
surface to winter water. This is a similar approach as used by
Hoppema et al. (2007) with regard to nutrient depletion. Using this
approach we find the reconstructed apparent winter sea-ice
thicknesses in the range 33–163 cm, with an average of 58730 cm
(n¼11). There is a clear distinction between the stations 135 and
167 from 601S to 681S with an average of 47713 cm (n¼9) and the
final two stations 175 and 178 near the ice-sheet (691S and
691240S), with the highest estimates of 67 and 163 cm, respectively.
Worby et al. (2008) find, in the period with maximum sea-ice
extent (spring; September–October–November) an average sea ice
thickness of 89 cm and an ice coverage of 82% in the East Weddell
Gyre (451W–201E). This would correspond to an overall 73 cm
thickness for a presumed 100% coverage.

Lannuzel et al. (2008) studied temporal changes in dissolved
Fe concentration of Weddell Sea pack ice. They found vertical
integrated dissolved Fe concentrations of 1.1–13.3 mmol m�2 and
total dissolvable (dissolved plus particulate) concentrations of
6.1–59.4 mmol m�2 in the ISPOL station in the Weddell Sea. This
vertical integrated value comprises brine, sea-ice and snow for a
90 cm deep ice-core. For our reconstructed average sea ice thick-
ness of 58730 cm this would correspond to a range with the lower
value of 0.34 mmol m�2 (the dissolved Fe in the sea-ice) and a
higher value of 57.5 mmol m�2 as upper limit in the case that all the
particulate Fe in the sea-ice would also dissolve. Over a �40 m SML
(average 60–69.2401S) this equals a 0.01–1.43 nM Fe supply from
ice melt. Nevertheless, the here used sea-ice thickness and Fe
concentrations vary widely between different regions (Lannuzel
et al., 2008), which results in major uncertainties in the Fe flux from
the sea-ice to the ocean, beyond our estimated range. It should be
noted that seasonal sea-ice can be seen as a storage of Fe captured
from the surface waters during autumn sea-ice formation and
external Fe supply of dust deposition accumulated in snow on top
of the sea-ice (Lannuzel et al., 2008). During melting season this Fe
will be released in a relatively short period of time leading to
temporarily increased Fe supply.

4.1.1.4. Fe sources from the Antarctic continental ice-sheet and free

drifting icebergs. The melting of the Antarctic ice-sheet or that of
free-ranging icebergs are alternative input sources of dissolved Fe
to the surface waters (Croot et al., 2004). This Fe originates either
from dust blown from Patagonia, or from contact of the ice-sheet
with the underlying continent or from grounding of icebergs over
the shelf. Obviously these processes result in a very heterogeneous
distribution of Fe in the ice, as indeed shown in the very wide
natural range of Fe concentrations between 0.52 and 120 nM in
land-ice (Edwards et al., 1998) or 10.8 and 99.3 nM (Löscher et al.,
1997) in meltwater from icebergs. In two regions (�691240S and
�661300S) higher dissolved iron coincides with extreme salinity
minima (Fig. 7A). In Section 4.1.1.3 all salinity minima in the
surface water had been ascribed solely to melting of seasonal sea-
ice. Here alternatively, we assess implications when one would
ascribe the two extreme salinity minima solely to the melting of the
continental ice-sheet and/or free drifting icebergs. When com-
paring the background salinity 34.084 along 66–691S with the
minimum 33.653 at 661360S we derive a local 1.3% ice-sheet
meltwater contribution. Now taking [Fe] of 0.15 nM of 691150S as
background value and the highest 0.26 nM as enhanced due to this
1.3% ice-sheet meltwater one may derive

Femixture ¼ 0:26nM¼ ð0:987FeSeawaterÞþð0:013Feice-sheetÞ

¼ ð0:15nMÞþð0:11nMÞ ð3Þ
from which we derive an apparent Fe concentration in the ice-sheet
end-member of 8.6 nM. Similarly, in the salinity minimum region

at �66130

0

S, where a high abundance of icebergs was observed, one
may derive 0.86% ice berg meltwater, hence the observed Fe
concentration difference of 0.56 nM would be consistent with a Fe
content of 66.4 nM in the iceberg end-member. The apparent ice-
sheet end-member of 8.6 nM and apparent ice-berg end-member
of 66.4 nM fall within the above mentioned wide and variable
natural range previously reported. Thus the melting of ice-sheet
or icebergs may, in principle, account for the Fe maxima coinciding
with the extreme salinity minima, but likely several other pro-
cesses, such as sea-ice melting or biological interactions also play a
role. Finally due to the very wide natural variability of Fe content of
ice-sheet and icebergs, in combination with the major uncertainty
in the percentage of total Fe that will dissolve in meltwater or
seawater, we reckon that an accurate assessment of Fe supply by
ice-sheet and icebergs will always remain very difficult. At best one
may realize that these may, or may not, be significant sources of
dissolved Fe to the surface waters of the Southern Ocean.
4.1.1.5. Continental ice-sheet of Antarctica prevents Fe supply to

surface waters from continental shelf sediments. The continental
shelves surrounding the islands in the Southern Ocean, such as
Bouvet, Kerguelen and Crozet are known to bring significant ele-
vated Fe concentrations to the deep oceans (Croot et al., 2004;
Planquette et al., 2007; Blain et al., 2007, 2008a, 2008b). In addition,
Sohrin et al. (2000) reported patches of elevated iron south of the
Polar Front at 1401E, which was (partly) attributed to organic rich
sediments from the slope.

During ANT XXIV/3 however, no indication of significant input
from organic rich sediments from the continental shelf of the
Antarctic continent was observed. This is likely due to the extension
of the continental ice-sheet quite far into the ocean basin. Our
southernmost station (178) at 69124.030S was located very close to
the 200 m thick ice-sheet, but was still 42000 m deep. The common
occurrence of plankton blooms in this region directly adjacent to the
ice-sheet may well yield significant export of organic carbon to the
underlying slope sediments, and upon its oxidative bacterial degra-
dation in the surface sediments the ensuing suboxic conditions may
well yield reductive dissolution of Fe (see Section 4.2.1.3, Elrod et al.,
2004). However such reducing sediments here are far too deep
(42000 m) for any significant input into the local surface waters.
Below the extended ice-sheet itself (Middag et al., 2011a, Fig. 13)
there is deemed to be no biological production, thus the only and
presumably very insignificant export of organic matter to the seafloor
is by lateral input from biological production in waters outside the ice-
sheet extent. Rutgers van der Loeff et al. (2011) reported a C export
flux of 9.9 mmol C m�2 d�1 at 100 m depth at the station (178)
nearest to the ice-edge. However, they mention that this is most likely
an overestimation due to advective fluxes. The C export at stations
further in the basin was low; 3.1–4.5 mmol C m�2 d�1 (Rutgers van
der Loeff et al., 2011). Hence the seafloor of the continental shelf under
the extended ice-sheet likely comprises very low organic carbon. Such
low organic supply is unlikely to lead to suboxic let alone anoxic
conditions. Therefore, these local sediments are unlikely to be a
reductive source for dissolved Fe (or Mn) to the overlying bottom
waters and in turn to the surface waters. In contrast to continental
shelf sediments throughout the world, the unique permanent ice-
sheet extending off the Antarctic continent at the zero meridian
largely prevents the normal biogeochemical mechanisms for mobi-
lization of Fe and Mn (Middag et al., 2011a) from the underlying shelf
sediments. Thus Antarctica is unique because when approaching from
the open ocean the dissolved Fe and Mn tend to decrease, as opposed
to the always increasing trend towards all other continents (De Baar
and De Jong, 2001).
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The Fe measured in acidified unfiltered samples during the ANT
XXIV/3 cruise provides information about the labile fraction of the
particulate Fe. However, no unfiltered samples were collected at
stations near the ice-sheet, precluding additional information.

4.1.2. Removal of Fe from surface waters

Dissolved Fe predominantly exists in the trivalent Fe(III)
oxidation state in seawater, of which the large majority is bound
by organic Fe-complexing moieties (Thuroczy et al., 2011). In
general the Fe(III) state is very ‘‘particle-reactive’’ and tends to
adsorb to small colloids within larger (40.2 mm) size classes,
causing a sinking loss term of Fe from surface waters. Moreover,
Fe is taken up directly by phytoplankton and bacteria (De Baar and
De La Roche, 2003), and upon predation of these by micro- and
mesozooplankton and krill, part of the intracellular Fe may become
dissolved again (Sarthou et al., 2008). Yet another part may end up
in large fecal pellets that tend to settle down into deeper waters
(Tovar-Sanchez et al., 2007; Hutchins and Bruland, 1994).

Below, an effort is made to distinguish between (i) the biological
uptake inside the living plankton cell, and (ii) scavenging and
sinking loss.

4.1.2.1. Fe removal by biological uptake. Uptake by phytoplankton
and subsequent export from the surface mixed layer is an important
mechanism for iron removal from the mixed layer (Coale et al.,
2005). Mixed layer average concentrations of dissolved Fe and
chlorophyll fluorescence (Table 1) are shown in Fig. 11. North of the
Polar Front (41–461S) southward decreasing Fe (�0.3 to �0.2 nM)
coincides with relatively high fluorescence. South of the Polar Front
within the AAZ (50–551S), a weak but significant negative correla-
tion was found:

Fluorescence¼�0:67Feþ0:37 ðR2 ¼ 0:39,Po0:01,n¼ 19Þ ð4Þ

Further southwards in the Weddell Gyre (56–69.240S) a similar
trend was found:

Fluorescence¼�3:99Feþ1:45 ðR2 ¼ 0:41,Po0:01,n¼ 25Þ ð5Þ

The southernmost station (178) at 691240S, is strongly influenced
by the Antarctic ice-sheet, hence is excluded from the relationship
Fig. 11. Transect plot of the average concentration (nM) of dissolved Fe (filled

circles) and fluorescence (open circles) in the upper Surface Mixed Layer (SML). Each

datapoint is the average of 2–4 independent datapoints for shallow and deep SML,

respectively. The five datapoints for the AAZ (50–551S; stations 107, 110, 113, 116

and 119) represent 19 independent datapoints as used for Eq. (4) (Section 4.2.1.2);

the 13 datapoints for the Weddell Gyre (561S–69.240S, stations 122–175) represent

25 independent datapoints as used for Eq. (5).
in (Eq. (5)). The slope of the relationship (Eq. (5)) between dissolved
Fe and fluorescence within the Weddell Gyre is significantly
steeper than the preceding relationship (Eq. (4)) within the AAZ
(Po0.05, 2-sided t-test).

While realizing that other factors also affect the Fe concentra-
tion in the surface water, the significant negative relations
(Eqs. (4) and (5)) between fluorescence and dissolved Fe here
suggest that removal of dissolved Fe by phytoplankton primary
production has occurred in the time preceding our study. This is
supported by findings of Middag et al. (2011a), who also report
uptake of the biological essential trace metal Mn by phytoplankton
in the SML along the same transect.

We can calculate the removal of Fe from the upper waters over
the complete transect until the ice-edge (Section 4.1.1.5). Using the
average carbon export (5.372.4 mmol C m�2 d�1; Rutgers van der
Loeff et al., 2011) and a C:Fe ratio of �105 (Twining et al., 2004), we
obtain an estimation of the Fe removal of 0.0670.03�10�6 mol
m�2 over the preceding four months (summer). Using a typical
sinking velocity of 40 m d�1 (Garrity et al., 2005) leads to a seasonal
export of 0.1670.07 nM. However, it should be noted that our cruise
took place in late austral summer, conceivably leading to a relative
high estimation of the carbon export, perhaps resulting in an
overestimation of the biological drawdown. Nevertheless, in another
region, at about 1401E south of the PF, and with another approach
based on spring Fe data and seasonal nitrate drawdown, Sedwick
et al. (2008) calculated a very similar value of seasonal biological
drawdown of Fe of �0.14–0.18 nM. A Fe drawdown of the same
magnitude (�0.24 nM) was derived by Measures et al. (2001) at
1701W. Chlorophyll a can be ascribed largely to diatoms, as they are a
very important phytoplankton group within the Southern Ocean,
where diatoms tend to dominate under high silicate conditions
(Sarthou et al., 2005). At our transect, in the northernmost (stations
101–107), haptophytes and chlorophytes dominated the phyto-
plankton community. All other stations from station 107 to the ice-
sheet had a diatoms dominated community (except at station 141,
�621S). (Alderkamp et al., 2010; Neven et al., 2011).

4.1.2.2. Fe removal by adsorptive scavenging. In addition to true
biological uptake, adsorptive scavenging on settling particles (both
biogenic and lithogenic) is a mechanism of Fe removal from the
upper ocean (Wu et al., 2001). However, dissolved Fe is strongly
protected from scavenging by binding to dissolved organic ligands
(Wu et al., 2001; De Baar and de Jong, 2001) and for this transect
assessed by Thuróczy et al. (2011).

4.2. The Fe cycle in deep waters

4.2.1. Sources of Fe to deep waters

The distribution of dissolved Fe in the deep waters of this part of
the Southern Ocean is largely influenced by (i) the inflow of
different water masses, (ii) the input by hydrothermal vents and
(iii) the input from reductive sediments.

4.2.1.1. Inflow of NADW rich in dissolved Fe. The vertical profiles of
salinity and nutrients make clear that the deep waters in the North
East part of the transect were largely influenced by NADW. Higher
dust input at the surface (Moore and Braucher, 2008), a closer
proximity to the continent and mixing of water masses with enri-
ched iron (Labrador Sea, Mediterranean Sea) (Laës et al., 2003) cause
elevated concentrations of Fe in the NADW in the Atlantic Basin. The
intrusion of NADW into the Southern Ocean is clearly marked by
higher Fe and lower NO3 concentrations progressing southwards at
2000–3000 m depth (Figs. 3, 4A, 5, 6A). This NADW affects the Fe
concentration in the circumpolar waters north of the Bouvet region.
The concentrations found in the NADW (�0.6 nM) are consistent
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with the lower range of the values of 0.6–1.0 nM reported previously
by Löscher et al. (1997) for a station at 501S, 61W. Based on the
northernmost profile (Fig. 6A) we make an estimation of the net
input of NADW (�0.61 nM) to the Southern Ocean (�0.41 nM) by
the difference of �0.2 nM. We can multiply this concentration
difference with the total volume transport of 930�1012 m�3 y�1 of
NADW into the Atlantic Sector (201E to 651W) of the Southern Ocean
(De Baar et al., 1997) and dividing by the total surface area of
2.05�1013 m2 of latter Atlantic sector (Losch, AWI, personal
communication) would yield in an influx of 9.1�10�6 m�2 y�1.

4.2.1.2. Hydrothermal vent input at the ridge crest in the Bouvet

region. At the Bouvet region, hydrothermal activity is deemed to be
the cause of the above mentioned (Section 3.4.2) elevated Fe and
Mn concentrations within the shown contour (Fig. 5). For a similar,
but stronger hydrothermal anomaly in the Arctic Ocean, this was
accompanied by significant anomalies of temperature and sus-
pended particles (lower light transmission), as well as anomalies in
calculated [Al/(Al+Mn+Fe)]�100 ratio values (Klunder et al, in
preparation). Briefly, Boström and Peterson (1969) have shown
that hydrothermal (metalliferous) sediments are enriched in Fe and
Mn and relatively depleted in lithogenous elements such as Al,
and were able to demonstrate this hydrothermal component with
the [Al/(Al+Mn+Fe)]�100 ratio concept. Here over the Bouvet
region a temperature anomaly was not discernible, but lower
light transmission was found from 1600 depth to the seafloor at
�531310S (not shown) and accompanied by anomalous element
ratio values indicative of hydrothermal Fe input (Fig. 12).

4.2.1.3. Input into subsurface waters from sediment sources else-

where. Within the upper 500 m of the water column (Fig. 5, upper
graph) two distinct subsurface maxima were found, just south of the
Bouvet region and adjacent to the Antarctic continent, respectively.

At the stations over (station 119) or just south (stations 122 and
128) of the ridge a maximum of dissolved Fe was observed at
intermediate depth range (Fig. 5; 400–700 m depth). At station 128
this is confirmed by a maximum of labile particulate Fe at 500 m
depth (Thuroćzy, 2009, personal communication). These Fe maxima
might have originated from the shelf sediments of the Bouvet region.
However, the maxima are located relatively high above the deep
seafloor and there is a layer with lower dissolved Fe in between the
maxima and the seafloor. Therefore, we suggest these Fe maxima to
Fig. 12. Color plot of [DAl/(DAl+DFe+DMn)]�100 ratio for the zero meridian transect; s

using Ocean Data View (Schlitzer, 2009).
derive from the continental shelf of the Antarctic peninsula which is
situated upstream of the ACC and the Weddell Gyre passing our zero
meridian section. As shown in Fig. 1, the ocean topography along the
flow path is relatively shallow, and geostrophic velocities are strong
(Klatt et al., 2005), enabling Fe to be transported far from the
peninsula towards the zero meridian. Moreover on the second
transect crossing the Weddell Sea, and the third transect across
Drake Passage, we indeed found elevated dissolved Fe over the shelf
of the Antarctic peninsula (Klunder, in preparation). Moreover, Lam
et al. (2006) showed that sediment transport from continental
margins can indeed be a source of Fe over distances of 900 km.

At station 178, the high concentrations of 41 nM at 450–500 m
correspond with maxima of salinity and potential temperature
(data not shown). Klatt et al. (2005) show that these are features
of the westward flowing Antarctic Coastal Current. Therefore we
state that these elevated Fe concentrations are to be explained by
transport of Fe with the Antarctic Coastal Current. Here we also find
an oxygen minimum and from 300 to 450 m depth, lower light
transmission, i.e. higher abundance of suspended particles. Thus re-
suspension of particles from the more eastward shelves and sub-
sequent dissolution could be a possible Fe source here. The
sedimentary flux as suggested by Lancelot et al. (2009) in a modeling
study is 40.5 pmol m�2 s�1 close to the continent and o0.02
pmol m�2 s�1 above the open ocean. Another model exercised by
Tagliabue et al. (2009) suggests a stronger impact of sedimentary Fe
input compared to that of dust Fe input. In both model simulation
studies sedimentary Fe input is a function of bottom topography and
neither the now observed Fe fluxes from hydrothermal input, nor the
northerly water masses (NADW) brought to the surface by upwel-
ling, nor the adverse effect of the ice-sheet on Fe fluxes, had been
taken into consideration in preceding model simulation studies.

4.2.1.4. Fe supply into deep waters of the Weddell gyre. The dissolved
Fe concentration varies between the different water masses within
the Weddell Gyre. The water transport in the Weddell Gyre is well
described by Klatt et al. (2005). The deep water masses (WDW,
WSDW and WSBW) (see Section 3.1) are defined as waters with
salinity 434.6. Between �561S and 621S (stations 122–141),
where the Weddell Gyre flows eastward, the concentration of
dissolved Fe in these deep waters is significantly (Po0.01, 2-tailed
homeoscedastic students t-test) higher (0.47 nM70.16, n¼98)
than the concentrations (0.3370.14, n¼126) in the westward
tations 110, 113, 116 and 119 are indicated (see also below 11b) This figure is made



Fig. 13. Schematic of Fe fluxes towards an eventual Fe budget of the Atlantic Sector

of the Southern Ocean. For several fluxes an estimate [10�6 mol m�2 y�1] is given in

the graph, see main text for derivation of estimates. For other fluxes a basinwide

estimate in 10�6 mol m�2 y�1 units is not feasible. Melting of the continental ice-

sheet would account for a local influx of 0.11 nM. Similarly at �661S, melting of free-

drifting icebergs may account for a local increase of 0.56 nM. However, latter

numbers are subject to large deviations and are therefore not in included in the

graph. Moreover, there are strong indications of local Fe supply from hydrothermal

activity, reducing sediments and sediment re-suspension,; see main text, but

extrapolation to a basinwide estimate is as yet not feasible either.
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flow, between �621S and 691240S (stations 144–178). From the
relationship between potential temperature (y) and dissolved Fe
(Fig. 8) we conclude that the distribution of dissolved Fe is strongly
dependent on ocean circulation and mixing. The Fe concentrations
in the WDW (y40) are lower than in the WSDW (�0.7oyo0)
(Klatt et al., 2005). Dissolved Fe, Mn and light transmission data
suggest that the westward flow of the Weddell Gyre, coming from
the remote Indian sector of the Southern Ocean, at high latitudes
(stations 141–178; 62–691240S) contains slightly clearer water
(higher light transmission values due to less particles) and lower
trace metal concentrations, compared to the more northerly,
eastward flowing waters of the Weddell Gyre (122–141; 56–691S).
The latter waters have been flowing along the North Weddell Ridge,
where presumably there has been entrainment of particles coming
from the slope sediments of the ridge. Also hydrothermal inputs
from Bransfield Strait (Klinkhammer et al., 2001) may have con-
tributed Fe to these eastward flowing waters. Another important
input source for Fe in deep waters is reductive dissolution. Locally,
some stations show slightly elevated (by �0.2 nM) concentrations
towards the bottom (178, 167 (Figs. 5 and 6C)).

4.2.2. Removal of dissolved Fe from deep waters

4.2.2.1. Upward advective upwelling supply and vertical mixing. The
supply of Fe by upwelling and vertical mixing is extensively
described in Section 4.1.1.1. Supply to the upper oceans implicates
the removal of dissolved Fe from the deep waters by the water
replacing the upper ocean waters, because the concentrations of
dissolved iron in the upper waters are lower (�0.2 nM) than the
concentrations in the deep (�0.4 nM) (Figs. 2, 5, 6). Thus we suggest
a removal rate of 0.85 pmol m�2 s�1 (as calculated in Section
4.1.1.1) by hydrography of advective upwelling and vertical mixing.

4.2.2.2. Competition between stabilization by organic complexes and

removal by scavenging onto settling particles. Dissolved Fe can be
removed from the deep waters by scavenging onto sinking biogenic
particles (see Section 4.1.2.2). Although lower than in the surface
waters, also in the deep waters there still is an excess of organic
ligands over dissolved Fe (Thuróczy et al., 2011), counteracting the
adsorptive scavenging removal of dissolved Fe. However, �42% of
the dissolved Fe is within the ‘‘colloidal’’ fraction (here oper-
ationally defined as 1000 kDa �o0.2 mm) in the waters below
1000 m (Thuróczy, personal communication, 2009). Thus coagu-
lation, aggregation and subsequent settling of these particles will
remove a part of the dissolved iron from the deep waters. This
mechanism is suggested also in the Pacific and Atlantic Oceans by
Wu et al. (2001). Walter et al. (2000) also observed scavenging in
the Weddell Sea, although in a relatively low quantity due to the
low particle fluxes. Because this mechanism will create aggregates
with sizes larger than 0.2 mm, an increase with depth may be
conceivable for the ‘‘labile particulate Fe’’ in the water column
(Thuróczy et al., 2011). Indeed, an increase with depth was
observed from o1 nM in the upper 1000 m to 2.77–8.31 nM for the
deepest samples, at the five measured stations (103, 107,
128,131,163) along the zero meridian (Thuróczy et al., 2009
(personal communication).

Finally, Fig. 13 provides a schematic overview of the processes
causing in- and output fluxes of Fe to the SML and deep waters as
discussed above, and where possible an estimate [10�6 mol m�2 y�1]
of the flux is given in the graph. For some other fluxes we cannot yet
give such a value.
5. Conclusions

The average dissolved Fe in the upper surface mixed layer of the
Atlantic sector of the Southern Ocean varies between 0.1 and
0.3 nM. The most important source of dissolved Fe to the upper
surface mixed layer is advective upwelling, which tends to be one
order of magnitude higher than the upward Fe supply by vertical
mixing. We conclude that the contribution of dust deposition as
predicted using dust deposition models and our data is 5–10 times
smaller than advective upwelling. Nevertheless, this study also
shows that local and temporal input events as dust deposition and
ice melt can cause considerable (presumably short term) elevations
in the concentration of dissolved Fe. Supply by aeolian wet
deposition events may be of local significance but cannot yet be
accurately quantified in the context of a basinwide annual Fe
budget of the overall surface waters. Iron uptake by phytoplankton
and scavenging can decrease dissolved Fe concentrations in the
upper layer.

In the deep waters, elevated Fe concentrations in the Subantarctic
region are caused by intrusion of NADW to these SubAntarctic
waters. The presence of elevated dissolved Fe over the ridge crest in
the Bouvet region suggests a far more significant role than hitherto
realized of hydrothermal vents as a major source term of Fe and Mn
for deep waters of ocean basins. Furthermore, dissolved Fe in the
eastward extent of the Weddell Gyre is significantly higher than in
deep waters of the westward deep return flow. The slightly higher
concentrations in the eastward flowing part of the Weddell Gyre are
tentatively ascribed to hydrothermal iron inputs from Bransfield
Strait and/or dissolution processes from the slope sediments of the
North Weddell Ridge. The Antarctic continental ice-sheet extends
well beyond its grounding line and therefore also covers the water
column over the Antarctic shelf and slope. This largely prevents
biological production, hence strongly minimizes the biogeochemical
cycling over and within the shelf and slope. This subsequently
minimizes lateral supply of Fe (and Mn) from the shelf and slope into
adjacent open ocean waters. Thus in contrast to all other continental
margins of the world, the dissolved Fe around Antarctica is lower
towards the continent.
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Blain, S., Quéguiner, B., Armand, L., Belviso, Bombled, B., Bopp, L., Bowie, A., Brunet,
C., Brussaard, C., Carlotti, F., Christaki, U., Corbi �ere, A., Durand, I., Ebersbach, F.,
Fuda, J.-L., Garcia, N., Gerringa, L., Griffiths, B., Guigue, C., Guillerm, C., Jacquet, S.,
Jeandel, C., Laan, P., Lef �evre, D., Lo Monaco, C., Malits, A., Mosseri, J., Obernos-
terer, I., Park, Y.-H., Picheral, M., Pondaven, P., Remenyi, T., Sandroni, V., Sarthou,
G., Savoye, N., Scouarnec, N., Souhaut, M., Thuiller, D., Timmermans, K.R., Trull,
T., Uitz, J., van Beek, P., Veldhuis, M., Vincent, D., Viollier, D., Vong, L., Wagener, T.,
2007. Effect of natural iron fertilization on carbon sequestration in the Southern
Ocean. Nature 446 (7139), 1070–1074.

Blain, S., Sarthou, G., Laan, P., 2008a. Distribution of dissolved iron during the natural
iron-fertilization experiment KEOPS (Kerguelen Plateau, Southern Ocean).
Deep-Sea Research II 55 (5–7), 594–605.
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