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Abstract. The island of South Georgia is situated in the iron
(Fe)-depleted Antarctic Circumpolar Current of the South-
ern Ocean. Iron emanating from its shelf system fuels large
phytoplankton blooms downstream of the island, but the ac-
tual supply mechanisms are unclear. To address this, we
present an inventory of Fe, manganese (Mn), and aluminium
(Al) in shelf sediments, pore waters, and the water col-
umn in the vicinity of South Georgia, alongside data on
zooplankton-mediated Fe cycling processes, and provide es-
timates of the relative dissolved Fe (DFe) fluxes from these
sources. Seafloor sediments, modified by authigenic Fe pre-
cipitation, were the main particulate Fe source to shelf bot-
tom waters as indicated by the similar Fe /Mn and Fe / Al
ratios for shelf sediments and suspended particles in the
water column. Less than 1% of the total particulate Fe
pool was leachable surface-adsorbed (labile) Fe and there-
fore potentially available to organisms. Pore waters formed
the primary DFe source to shelf bottom waters, supplying
0.1-44 pmol DFe m~2d~!. However, we estimate that only
0.4140.26 umol DFe m—2 d~! was transferred to the surface
mixed layer by vertical diffusive and advective mixing. Other
trace metal sources to surface waters included glacial flour
released by melting glaciers and via zooplankton egestion

and excretion processes. On average 6.5 8.2 umolm~2d~!
of labile particulate Fe was supplied to the surface mixed
layer via faecal pellets formed by Antarctic krill (Euphau-
sia superba), with a further 1.1 4 2.2 umol DFem~2d~! re-
leased directly by the krill. The faecal pellets released by krill
included seafloor-derived lithogenic and authigenic material
and settled algal debris, in addition to freshly ingested sus-
pended phytoplankton cells.

The Fe requirement of the phytoplankton blooms ~
1250km downstream of South Georgia was estimated as
0.33+0.11 umol m—2 d~!, with the DFe supply by horizon-
tal/vertical mixing, deep winter mixing, and aeolian dust es-
timated as ~ 0.12 umol m~2 d~!. We hypothesize that a sub-
stantial contribution of DFe was provided through recycling
of biogenically stored Fe following luxury Fe uptake by phy-
toplankton on the Fe-rich shelf. This process would allow Fe
to be retained in the surface mixed layer of waters down-
stream of South Georgia through continuous recycling and
biological uptake, supplying the large downstream phyto-
plankton blooms.
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1 Introduction

The Southern Ocean is the largest ‘“high-nitrate, low-
chlorophyll” (HNLC) region of the global ocean (Buesseler
et al., 2004), as a consequence of low iron (Fe) supply and
consequently reduced phytoplankton growth (Buesseler et
al., 2004; Tsuda et al., 2009). Iron can be supplied to sur-
face waters of the Southern Ocean by atmospheric dust in-
puts (Cassar et al., 2007; Gao et al., 2001), horizontal/vertical
advective and diffusive mixing processes (de Jong et al.,
2012), resuspension from shelf sediments (Kalnejais et al.,
2010; Marsay et al., 2014), melting of icebergs and glaciers
(Raiswell et al., 2008), and hydrothermal inputs (German et
al., 2016). Despite the overall HNLC status of the Southern
Ocean, regions in the wake of islands feature large seasonal
phytoplankton blooms; the Fe sources to these blooms are
however poorly constrained (de Jong et al., 2012; Planquette
et al., 2007; Pollard et al., 2009).

Downstream of the island of South Georgia intense, long-
lasting phytoplankton blooms have been observed which ex-
tend hundreds of kilometres and require an enhanced Fe sup-
ply. The blooms peak in austral summer (Borrione et al.,
2014), stretch over an area of ~ 750000 km? (Atkinson et
al., 2001; Korb et al., 2004), and are responsible for the
largest dissolved inorganic carbon deficit reported within the
Antarctic Circumpolar Current (ACC) (Jones et al., 2012,
2015). As a consequence of the Fe fertilization, the waters
in the vicinity of South Georgia support extensive phyto-
plankton blooms and a large biomass of zooplankton, fish,
seabirds, and marine mammals, some of which are exploited
commercially (Atkinson et al., 2001; Murphy et al., 2007).

South Georgia forms part of the volcanically active Sco-
tia Arc in the Atlantic sector of the Southern Ocean and is
surrounded by a broad 30-100 km wide shelf with an aver-
age (albeit highly variable) depth of ca. 200 m (Fig. 1). The
island is situated between the Antarctic Polar Front (PF) and
the Southern ACC Front (SACCF), within the general north-
east flow of the ACC (Meredith et al., 2005; Whitehouse et
al., 2008). The ACC surface waters are enriched in nitrate,
phosphate, and silicic acid, but strongly depleted in most
trace elements, notably Fe and manganese (Mn) (Brown-
ing et al., 2014). The large seasonal phytoplankton blooms
downstream of South Georgia are thought to be supplied with
Fe from the island during the passage of ACC waters (Bor-
rione et al., 2014; Nielsdottir et al., 2012).

In this study we provide the first comprehensive data set of
dissolved and (labile) particulate Fe, Mn, and aluminium (Al)
in sediments, pore waters, and the water column overlaying
the shelf and shelf edge regions of South Georgia. We also
include published data on the role of Antarctic krill in new
Fe supply and recycling in this region (Schmidt et al., 2011,
2016). We discuss differences between the various analysed
trace metal fractions and the supply routes of dissolved and
(labile) particulate Fe, such as sedimentary pore water ef-
flux, supply of sediment-derived particulate Fe to the surface
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mixed layer, efflux of Fe from glacial melting, and supply
of Fe by faecal pellets of Antarctic krill. Furthermore, we
discuss the productivity of the bloom region to the north of
South Georgia in relation to the estimated Fe supply rates.

2 Methods
2.1 Cruises and sampling

Samples were collected during three research cruises to
South Georgia in 2011 (JR247, JC055) and 2013 (JR274).
While cruises JR247 and JR274 aimed to examine the
pelagic shelf ecosystem by collection of predominantly wa-
ter samples (and zooplankton during JR247) on the northern
shelf, JCO55 explored solely the composition of sediments
on the South Georgia shelf. Cruise JR247 took place in Jan-
uary 2011 on RRS James Clark Ross, and 14 sites on the
northern shelf and shelf edge of South Georgia were visited
(stations 1-21; Fig. 1). Suspended particles were collected
on acid-cleaned polycarbonate filters (1 um pore size; What-
man) using in situ stand-alone pumping systems (SAPSs;
Challenger Oceanic) attached to a Kevlar wire and deployed
at 20, 50, and 150 m depth (Fig. 1, red dots). The filters were
rinsed with deionized water (Milli-Q; Millipore), stored at
—20°C, and shipped frozen to the National Oceanography
Centre Southampton (NOCS).

Subsurface seawater samples were collected by trace metal
clean samplers (Ocean Test Equipment (OTE)) at 9 of the
14 SAPS locations (Fig. 1; black stars). Seawater samples
were filtered using cartridge filter (0.2 um Sartobran P 300,
Sartorius) into acid-cleaned 125 mL low-density polyethy-
lene (LDPE) bottles (Nalgene). Unfiltered samples were col-
lected in 125 mL LDPE bottles for analysis of total dissolv-
able (TD) trace metals. Surface waters from the South Geor-
gia shelf were collected using a tow fish deployed alongside
the ship at 3-4 m depth. Samples were filtered in line us-
ing a cartridge filter (0.2 pm Sartobran P 300, Sartorius) and
dispensed in acid-washed 125 mL LDPE bottles. Unfiltered
surface seawater samples were also collected and dispensed
in acid-washed 125 mL LDPE bottles. All seawater samples
were acidified on board with ultra-clean HNO3 (15M UpA
grade, Romil) to pH 1.7 (22 umol HT L~!). For a more de-
tailed description of all sample-handling procedures, please
see Sect. S1 in the Supplement.

In January and February 2013, RRS James Clark Ross
cruise JR274 revisited South Georgia and collected surface
seawater samples covering the shelf, shelf edge, and open-
ocean areas around the island. Dissolved and TD trace ele-
ments in surface seawater samples were collected using the
tow fish and treated similarly to samples from JR247. For a
more detailed description of all sample-handling procedures,
please see Sect. S1.

During the RRS James Cook cruise JCO55 in February
2011, a megacorer (Bowers and Connelly type) was used
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Figure 1. (a) Locations of Falkland Islands (FL), South Georgia (SG), and Antarctic Peninsula (AP) in the Atlantic sector of the Southern
Ocean. South Georgia is located between the Antarctic Polar Front (PF, white line) and the Southern Arctic Circumpolar Current Front
(SACCE, red line). The colour bar represents the Chlorophyll @ (Chl @) content recorded by the MODIS satellite in January 2011. (b) The
region around SG and the OTE (black stars) and SAPS sampling sites (red points) visited during JR247. The red dashed line illustrates the
cruise track of JR247. The three sediment sampling sites visited during JC0O55 (S1, S2, and S3) are shown by blue hexagons. The purple box
indicates the W-E transect from shelf site #14 via site #13 to the shelf edge site #11/12. The ocean bathymetry of the region was plotted
using the GEBCO bathymetric data set. The shelf of South Georgia is between 100 and 250 m deep and extends about 30 to 100 km (shelf

edge indicated by high density of isobaths).

to collect surface sediment and pore water samples on the
southern side of South Georgia (there was no opportunity
to sample the northern side of the island). Cores represent-
ing the intact sediment—water interface were retrieved from
three sites on the southern shelf, at water depths of ca. 250 m
(S1-S3) (Fig. 1, blue hexagons). Pore waters were separated
by centrifugation under N, atmosphere and filtered using
cellulose nitrate syringe filters (0.2 um pore size, Whatman;
Homoky et al., 2012). Conjugate sediments were freeze-
dried on board and stored at room temperature. A more
detailed description of sediment and pore water sample-
handling procedures is provided in Sect. S2.

Krill faecal pellets were obtained during on-board krill in-
cubations performed during JR247. Incubations were per-
formed in darkness in the laminar flow cabinet at ambient
surface layer temperature. The krill were incubated in fil-
tered seawater from the tow fish for up to ~ 3 h immediately
after capture, so that pellets obtained derived from material
ingested in situ. These incubations and their results are de-
scribed in more detail in Schmidt et al. (2016).

2.2 Trace metal analysis in suspended particles and
krill faecal pellets

The labile trace metal fraction of suspended particles (SAPS)
and krill faecal pellets was remobilized using a 25 % acetic
acid solution (glacial SpA, Romil) following Planquette et
al. (2011). The labile trace metal fraction is hereafter re-
ferred to as the leachable trace metal fraction (L). The re-
maining particles were digested on a hot plate, applying a
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mixture of aqua regia and hydrogen fluoride (Planquette et
al., 2011). This fraction will be referred to as the refrac-
tory fraction (R). The particulate trace metal fraction (P) is
the sum of leachable (L) and refractory (R) fractions. All
samples were analysed by collision cell inductively coupled
plasma—-mass spectrometry (ICP-MS) (Thermo Fisher Scien-
tific, XSeriesII). For a more detailed description of measured
certified reference material see Sect. S1.

2.3 Trace metal analysis of seawater

The filtered and unfiltered seawater samples were stored for
a period of 12 months prior to analysis. Concentrations of
dissolved and total dissolvable Fe, Mn, and Al in seawater
were determined by offline pre-concentration and isotope di-
lution/standard addition ICP-MS (Thermo Fisher Scientific
Element2 XR) according to Rapp et al. (2017). For a more
detailed description of the method and measured reference
materials see Sect. S1.

2.4 Trace metal analysis of pore waters and sediments

Sub-samples of the bulk homogenized sediments were
fully dissolved following an aqua regia and combined
hydrofluoric—perchloric acid digestion method following
Homoky et al. (2011). The acid digests and pore waters
were analysed by ICP—optical emission spectrometry (OES)
(Perkin Elmer Optima 4300DV). For a more detailed de-
scription of the method and measured reference materials see
Sect. S2.

Biogeosciences, 15, 4973-4993, 2018
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3 Results & discussion

3.1 Supply routes of suspended particulate Fe, Mn, and
Al

To avoid confusion, we will now define the terms biogenic,
lithogenic, and authigenic particles, as they will be used
frequently in the following sections. Biogenic particles re-
fer to suspended organic particles, living and dead, such
as phytoplankton cells. Lithogenic particles comprise min-
eral fragments, such as glacial flour and sediment particles.
Authigenic particle include surface-scavenged trace metals
and secondary minerals, such as amorphous FeO(OH) (e.g.
goethite), that are formed in seawater and because of their
age are insoluble to weak acid leaches (e.g. 25 % acetic acid
solution).

3.1.1 Characterization of (the two) particulate trace
metal fractions

Two different particulate fractions were obtained from sam-
ples collected during JR247: a particulate fraction from sus-
pended particles collected using 1 um pore size SAPS filters
(P) and a leachable particulate fraction from unfiltered acid-
ified seawater samples (LPyy,) collected at the same depth.
LPyy, was calculated following Eq. (1):

LPy, = total dissolvable(TD; unfiltered)
— dissolved (D;0.2um filtered). €))]

Because of the different sampling approaches (SAPS vs.
OTE water samplers), filter sizes (>1pm for SAPS vs.
>0.2 um for dissolved seawater), and digestion procedures
(aqua regia 4+ HF for SAPS particles vs. water sample stor-
age at pH 1.7 [22umol HT L™!]), concentrations of LPy,
and P differed, but they showed similar distribution pat-
terns in the water column (Figs. 2 and S1 in the Sup-
plement, Tables 1 and 2). The concentrations of Fe, Mn,
and Al in the LPy, fraction (LPy,Fe, LPy,Mn, LPy,Al)
were usually slightly lower than the particulate fraction from
suspended particles (PFe, PMn, PAl). The LPy, of unfil-
tered seawater samples corresponded to ~ 63 =4 % of the
PFe, 83+ 11 % of the PAL and nearly 100+ 10% of the
PMn fractions obtained by SAPS. The average LPy, trace
metal ratios (LPysFe / LPysMn=33.07 & 3.45 (lo) and
LPynFe / LPynaAl=0.65£0.10 (n = 69)) were about half of
the elemental ratios of suspended particles obtained by SAPS
(PFe / PMn = 68.0£0.6 and PFe / PA1=1.251£0.042 (n =
42) (Fig. 3; Tables 1, 2 and 3)).

The lower concentrations of Fe and Al and the reduced
elemental ratios in the LPy, compared to the P fractions
suggest that an unknown fraction of particulate Fe and Al in
seawater was not leached during the acidification procedure
at pH 1.7 over 12 months. However, since P and LPy, dis-
played similar trends with depth (Figs. 2 and S1), LPy, was
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used in Sect. 3.1.3 and 3.3 as an indicator for the abundance
of particulate trace metals at locations where particulate sam-
ples could not be retrieved by SAPS, e.g. in surface waters
collected by the tow fish and depths greater than 150 m.

3.1.2 Suspended particulate trace metals in the water
column

Concentrations of PFe, PMn, and PAl in the water col-
umn ranged from 0.87 to 267, 0.01 to 3.85, and 0.60 to
195 nmol L™, respectively (Fig. 2, Table 2). Concentrations
of LPypFe, LPy,Mn, and LPy, Al ranged from 1 to 118, 0.01
to 100, and 1 to 141 nmol L™!, respectively (Fig. 2, Table 1).
Below the isopycnal density layer 27.05kgm™3, located at
~50-70m depth, P and LPy, increased with depth and
showed a maximum near the seafloor of e.g. 207 nmol L™!
for PFe and 112nmol L~! for LPy,Fe (#17, Table 2). Most
sites on the shelf (bottom depth < 260 m; #9/10, #13, #14,
#17, and #21) showed seafloor maxima, in agreement with
other shelf studies. For example, Milne et al. (2017) re-
ported concentrations of up to 140nmol L~! for PFe and
800 nmol L~! for PAI in bottom waters on the west African
shelf, and Chase et al. (2005) showed bottom water maxima
of up to 400 nmol L~! for LPy,Fe off the Oregon coast.

Strong linear relationships between elements were ob-
served for suspended particles (SAPS) obtained from above
and below the 27.05kgm~> isopycnal, with elemental ra-
tios of PFe / PMn = 68.0+0.6, PFe / PAl = 1.25+£0.04, and
PMn /PA1=0.0171£0.0041 (n =42) (Fig. 3, Tables 2
and 3). These elemental ratios were higher than those re-
ported for the earth’s crust (Fe /Mn=58.0, Fe /Al=0.2,
Mn / Al= 0.0035; Wedepohl, 1995) and sediment samples
collected to the south of the island (mean sediment surface
layer of S1, S2, S3; SFe /SMn=51.5+2.4, SFe/SAl=
0.34 £0.02, SMn / SAl= 0.0066 £ 0.0002 (Fig. 4, Tables 3
and 4)), suggesting that the suspended particles were more
enriched in Fe than crustal and lithogenic particles (Table 3).

The Fe / Mn ratios among different phytoplankton species
show strong variations but are typically much lower (Fe / Mn
~ 1.7; Ho et al., 2003), with also lower Fe concentrations
than lithogenic (sediment) particles (cellular Fe concentra-
tion of phytoplankton ~ 0.7 mmolkg~!, Ho et al., 2003; up-
per crust ~ 550 mmol kg ~!, Wedepohl, 1995)). A prevalence
of biogenic particles in the suspended particle pool would be
expected to result in reduced PFe / PMn ratios in our SAPS
samples to values less than 51.5, as observed in the sedi-
ments.

It is most likely that authigenic Fe precipitation (e.g. dis-
solved Fe (DFe) was scavenged onto sediment particles)
increased the Fe-to-Al (and Fe-to-Mn) ratio of suspended
particles (PFe / PAl = 1.25; PFe / PMn = 68.0) compared to
sediment particles (SFe / SAl = 0.34; SFe / SMn = 51.5). At
seawater pH (~ pH 8), dissolved Fe(Ill) is rapidly hydrol-
ysed to soluble Fe(IIT) (OH)3 (<0.02 um), which readily ac-
cumulates as nanometre-sized colloids (0.02-0.2 um) (Liu

www.biogeosciences.net/15/4973/2018/



C. Schlosser et al.: Mechanisms of dissolved and labile particulate iron supply 4977

Table 1. OTE seawater samples: Fe, Mn, and Al concentrations determined for the dissolved (D) (0.2 um) and the leachable particulate
fraction (LPyy) (total dissolvable—dissolved) of unfiltered seawater samples collected during JR247. Additional information covers sampling
date, site (station) ID, event number, and latitude and longitude.

Date Site ID Depth Leach. part. (nmol Lfl) ‘ Dissolved (nmol Lfl)
lat., long. (m) LPypFe LPyyMn LPy,Al ‘ DFe DMn DAI

04/01/2011  #9/10 (E95 & E97) 20 20.36 0.95 46.41 | 5.71 1.83 1.11
50 15.18 0.42 40.86 | 3.19 1.88 2.27

54.26° S, 35.35° W 100 9.86 0.23 2043 | 1.55  0.92 2.07

130 23.33 0.73 4891 | 2.82  0.87 2.68

150 23.71 0.43 46.95 | 2.35 1.03 0.12

200 27.37 0.62 5441 | 270  0.89 2.37

05/01/2011  #11/12 (E98 & E101) 20 4.05 0.38 6.68 | 2.19  0.41 3.57
35 1.52 0.39 7.28 | 0.41 0.37 -

54.62° S, 34.81° W 50 9.30 0.60 2220 | 7.18 0.64 1331

75 1.28 0.31 7.85 | 077  0.35 4.56

100 2.02 0.32 334 1 1.09 0.35 1.47

150 1.55 0.38 3.18 | 1.10 045 -

200 13.10 1.31 23.81 | 1.26 1.17 3.07

300 8.62 0.70 2325 | 1.06  0.55 -

400 8.81 0.54 16.54 | 205 0.46 2.69

500 4.51 0.41 1141 | 0.72 0.38 0.76

600 2.75 0.37 10.32 | 096  0.36 0.77

700 4.81 0.41 16.85 | 0.82 0.35 -

06/01/2011  #13 (E105) 20 3.46 0.62 14.68 | 0.28  0.57 4.53
35 1.00 0.33 7.17 | 0.10  0.28 2.64

54.53°8S,35.27°W 50 7.09 0.71 2262 | 1.26 057 5.77

75 25.03 1.09 6194 | 1.23  0.64 5.86

100 34.06 1.30 8743 | 0.82 0.74 4.08

07/01/2011  #14 (E113) 20 4.00 0.89 7.87 | 0.64  0.85 2.57
50 2.23 0.31 7.64 | 027 0.32 1.80

54.56° S, 35.59° W 75 2.30 0.43 358 | 0.62 046 2.42

100 2.26 0.44 334 | 035 046 0.46

150 23.50 0.94 3335 | 0.70  0.62 0.23

200 82.26 2.12 103.11 | 2.69  0.77 2.31

08/01/2011  #15/16 (E119 & E129) 20 17.66 0.46 26.66 | 0.99 1.36 -
35 16.60 0.30 13.37 | 0.96 1.27 -

53.62° S, 36.34° W 50 16.30 0.23 18.49 | 1.21 1.40 -

75 23.82 0.56 29.86 | 0.98 1.28 -

100 8.49 0.10 10.50 | 0.73  0.56 -

150 1.88 0.03 449 | 225 040 -

200 2.72 0.02 140 | 0.63 0.44 2.87

300 2.56 0.05 240 | 034 0.25 -

400 3.75 0.02 528 | 048 0.30 1.17

500 5.28 0.08 922 | 043  0.30 -

600 5.50 0.09 1145 | 053 0.28 1.63

750 5.27 0.06 8.16 | 044  0.30 -

10/01/2011  #17 (E133) 20 10.92 0.22 743 | 2.31 1.20 3.76
35 20.83 0.53 16.22 | 1.81 1.34 2.56

53.90° S, 36.57° W 50 34.59 1.00 57.55 | 2.29 1.42 2.33

75 118.25 2.18 64.36 | 4.21 1.86 2.19

100 50.71 1.00 77.52 | 2.48 1.42 1.62

150 112.28 2.23 86.09 | 3.39 1.41 0.86

www.biogeosciences.net/15/4973/2018/ Biogeosciences, 15, 4973-4993, 2018
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Table 1. Continued.
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Date Site ID Depth Leach. part. (nmol L_l) ‘ Dissolved (nmol L_l)
lat., long. (m) LPypyFe LPyaMn LPypAl ‘ DFe DMn DALl

11/01/2011  #18 (E138) 20 106.71 1.77 95.17 | 2.75 1.57 3.36
35 83.53 0.00 100.32 | 1.97 1.33 2.44

54.10° S, 36.25° W 50 9.67 0.00 1823 | 0.74  0.85 -

75 5.65 0.00 890 | 0.62  0.65 -

100 4.50 0.08 23.65 | 1.25 048 5.18

150 7.81 0.11 12.87 | 1.43 049 8.19

12/01/2011  #19/20 (E141 & E143) 20 60.19 2.11 5429 | 1.46 1.71 5.30
35 60.17 2.19 87.17 | 1.34 1.90 8.22

53.54°8S,38.11°W 50 66.78 2.74 141.75 | 1.57 1.90 8.73

75 71.69 1.78 79.19 | 1.61 2.13 1145

100 10.77 0.25 3212 | 099 0.67 10.74

150 543 0.13 3135 | 1.84 092 12.00

200 7.92 0.14 2742 | 145  0.60 9.60

400 5.35 0.00 23.61 | 1.61 0.45 18.44

600 5.81 0.10 3599 | 1.06  0.38 10.74

800 4.26 0.13 35.67 | 1.07 036 1195

13/01/2011  #21 (E151) 20 44.75 1.54 114.13 | 0.72 1.38 2.58
35 39.99 1.82 7337 | 0.77 094 2.29

53.75° S, 38.98° W 50 48.57 2.03 94.66 | 1.24 1.36 1.91

75 25.63 0.91 68.56 | 0.98 1.17 -

100 64.06 1.91 114.03 | 2.33 1.32 1.51

150 73.04 1.59 62.83 | 7.70 1.28  12.20

and Millero, 2002) and particles (>0.2 um) (own observa-
tion). It has also been shown that both soluble and colloidal
Fe are attracted by charged surfaces (organic and inorganic
particle surfaces), a process that removes DFe and simultane-
ously increases the amount of particulate Fe in seawater over
time (Schlosser et al., 2011).

A range of mechanisms deliver suspended particles to
the surface waters. These transport mechanisms will be dis-
cussed in the following section.

3.1.3 Glacial outflow and zooplankton feeding activity

While most stations on the shelf showed bottom water max-
ima of particulate metals, at three sampling sites located on
the shelf (#18) and shelf edge (#15/16 and #19/20) the partic-
ulate trace metal concentrations featured maxima in the top
100 m of the water column (Figs. 2 and 5). At site #19/20, ca.
100 km away from the coast with a water depth of 1741 m,
the PFe concentration at 20 m depth was 97 nmol L™!, sim-
ilar to LPyyFe (Fig. 5). The elemental ratio PFe / PAI of
these samples (e.g. 1.01 for site #19/20, 20 m depth) was
close to the average ratio (PFe / PAl = 1.25), indicating that
lithogenic and authigenic Fe dominated the suspended par-
ticulate pool in these surface waters.

The surface water maxima of trace metals could have
two supply routes: (1) lateral transport of waters contain-
ing lithogenic and authigenic particles from shallow island

Biogeosciences, 15, 4973-4993, 2018

shelf sediments, and (2) transport of glacial particles fol-
lowing melt processes. The reduced salinities (~ 33.3 PSU)
recorded in surface waters in Cumberland Bay and ~ 50 km
offshore of South Georgia (~ 33.8) (Figs. 6¢c and S2) pro-
vide an indication of glacial outflow, melting of icebergs,
and run-off of meltwater streams. Enhanced LPy,Fe con-
centrations of 2.2 umol L~! in low-salinity surface waters in-
side Cumberland Bay are indicative of a meltwater source
(LPyy concentration used as only water samples from the
tow fish available). The LPy,Fe concentration decreased
strongly with increasing distance from the coast and exhib-
ited an abrupt reduction to 1-5 nmol Fe L™! at the shelf edge
~ 100 km offshore. A similar distribution pattern was ob-
served for LPyy,Mn (Fig. 6d) and LPy,Al (not shown), for
cruises JR247 and JR274. Glacial melt has been reported as
an important source of particulate material in the vicinity of
the Antarctic Peninsula (de Jong et al., 2012). For example,
Gerringa et al. (2012) documented elevated total dissolvable
Fe concentration of up to 106 nmol L~! near the Pine Island
Glacier in the Amundsen Sea, and Raiswell et al. (2008) es-
timated that per year 1.6 Gmol of nanoparticulate Fe, asso-
ciated with lithogenic particles, is delivered to the Southern
Ocean by melting ice.

Locally elevated particulate metal concentrations in sur-
face waters may also be related to production of faecal pel-
lets by swarms of Antarctic krill (Schmidt et al., 2016). High
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Table 2. SAPS samples: the particulate Fe (PFe), Mn (PMn), and Al (PAl) concentrations in the top 150 m of the water column at the 14 sites
visited during JR247. The particulate fraction, P, is the sum of leachable (L) and refractory (R) fractions. Because of low concentrations,
the leachable fraction is indicated in percent of the P fraction. Additional information covers sampling date, site (station) ID, event number,
latitude and longitude, and water column depth. (Depths marked by * indicate that the polycarbonate filter was corrupted after retrieving the

SAPS.)
Date Site ID Depth Particulate (nmol L) ‘ Leachable (% of P)
lat., long. (m) PFe PMn PAl ‘ LFe LMn LAl
25/12/2010  #1/2 (E22) 20 5.17  0.08 482 | 037 239 1.65
53.70° S, 38.21°'W 50* 9.12 0.14 791 | 027 261 147
(322m) 150* 76.61  1.09 6691 | 626 274 4.65
26/12/2010  #3 (E31) 20 6.62  0.09 6.64 | 0.02 330 0.79
53.85°8S,39.14°W 50 267.48 3.85 16259 | 148 0.79 0.65
(287 m) 150 436  0.06 426 | 0.07 155 1.93
31/12/2010  #4/5 (E72) 20 852 0.12 799 | 051 1.68 2.62
53.49°8S,37.71° W 50 15.15 0.23 1296 | 0.56 244 274
(1917 m) 150 233 0.03 2.15 | 065 1.78 242
02/01/2011  #6 (E80) 20 8574 1.11 59.05 | 1.60 2.28 4.50
53.99°8, 36.37°W 50 17.76  0.24 8.87 - - -
(208 m) 150 13739  2.02 9854 | 346 091 281
03/01/2011  #7/8 (E88) 20 1.95 0.02 087 | 0.13 297 499
54.10° S, 35.46° W 50 1.67 0.02 092 | 0.08 435 424
(330m) 150 123 0.02 071 | 0.19 211 5.3
04/01/2011  #9/10 (E96) 20 2091 0.08 1574 | 0.56 5.01 3.24
54.26°S,35.35°W 50 19.16  0.27 1558 | 045 1.22 251
(263 m) 150 5406 0.77 48.10 | 1.08 1.65 2.08
05/01/2011  #11/12 (E100) 20* 1.49 0.01 0.86 | 0.18 442 292
54.62°8S, 34.81°W 50 0.87 0.01 0.60 | 0.27 6.63 420
(747 m) 150 1.76  0.03 1.08 | 0.37 438 333
06/01/2011  #13 (E106) 20 275  0.03 1.78 | 0.63 3.13 429
54.53°8S,3527°W 50 411 0.05 3.07 | 044 2.04 276
(133m) 100 1028  0.15 7.62 | 046 170 254
07/01/2011  #14 (E114) 20 280 0.04 1.84 | 0.07 158 3.29
54.56° S, 35.59° W 50 141 0.02 097 | 0.10 257 392
(263 m) 150 3134 046 2692 | 0.72 157 228
08/01/2011  #15/16 (E120) 20 2454 037 2291 | 085 395 1.88
53.62°S,36.34°W 50 2772 040 2323 | 043 3.65 1.36
(852 m) 150 474  0.07 394 | 090 431 1.06
10/01/2011  #17 (E134) 20 1043  0.14 8.09 | 0.34 1.66 241
53.90° S, 36.57° W 50 43.04 060 3879 | 1.34 1.07 1.67
(209 m) 150 207.48 3.10 19488 | 1.72  0.82 1.50
11/01/2011  #18 (E139) 20 9552 132 88.39 | 1.39  1.82 193
54.10° S, 36.25° W 50 3743 052 3533 | 1.16 129 1.85
(276 m) 150  28.00 0.41 23.60 | 1.26 235 227
12/01/2011  #19/20 (E142) 20 9760 152 97.10 | 0.16 1.66 0.33
53.54°8S,38.11°W 50 9096 142 9289 | 039 198 0.80
(1741 m) 150 741 0.12 637 | 0.74 825 275
13/01/2011  #21 (E152) 20 5075 0.85 5278 | 0.06 299 0.12
53.75°8S, 38.98° W 50 5959 093 5998 | 0.05 2.15 0.09
(269 m) 150 15348 234 89.63 | 3.14 1.10 294
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Figure 2. (a) OTE seawater samples: distribution of leachable particulate iron (LPy,Fe in black), manganese (LPy,Mn in blue), and alu-

minium (LPypAl in red) concentrations in the water column of station
the particulate Fe (PFe) fraction retrieved by SAPS is illustrated wi

s located on the island shelf (125-270 m water depth). SAPS samples:
th open black circles and corresponds to the same axis as LPy,Fe.

Concentrations above 120 nmol L~! are listed in Tables 1 and 2. Error bars represent the standard deviation of the analysis. Density (op)
in kilograms per cubic metre is illustrated by the black dashed line. (b) OTE seawater samples: dissolved iron (DFe), manganese (DMn),

and aluminium (DAl) are represented by the same colour code as abo
column recorded by the CTD fluorometer.

ve. Dashed lines illustrate Chlorophyll a (Chl a) content of the water

Table 3. The different elemental ratios of the Earth’s crust, sediment, suspended particles (SAPS), faecal pellets, and biogenic particles

(average phytoplankton species).

Particle Fe / Mn Fe / Al Mn /Al Source
(molmol™ 1 ) (molmol™ 1 ) (molmol™ 1 )

Crust 58.00 0.20 0.0035 2

Sediment 51.50 0.34 0.0066  This study

Suspended part. (SAPS) 68.00 1.25 0.0171  This study

Faecal pellets 70.65 0.48 0.0069  This study

Phytoplankton 1.70 - - b

4 Wedepohl (1995). b Ho et al. (2003).

abundances of Antarctic krill were estimated from acoustic
backscattering observations (Fielding et al., 2014), and large
numbers of faecal pellets were observed on the SAPS fil-
ters during cruise JR247. The stomach content of Antarctic
krill contained up to 90 % sediment particles by volume, an
observation that was attributed to filter feeding by these or-
ganisms on phytoplankton and seabed detritus, with inciden-
tal ingestion of deep-ocean sediments (Schmidt et al., 2011)
and glacial flour (Schmidt et al., 2016). Krill thus take up

Biogeosciences, 15, 4973-4993, 2018

lithogenic (sediment) particles and transfer these into the sur-
face ocean through the egestion of faecal pellets (Schmidt
et al., 2016). The trace metal contents of krill faecal pel-
lets collected during on-board incubation experiments dur-
ing JR247 ranged from 0.88 to 67.14 ug Femg~! dry weight
(n =27) (Table 5) (Schmidt et al. 2016). The molar ratios of
the faecal pellets (PFe / PAl = 0.48 £0.07 and PMn / PAl =
0.0069 % 0.001) were similar to those for sediment particles
(SFe / SAl=0.34+0.02 and SMn /SAl= 0.0066 % 0.001;
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Table 4. Sediment core samples: particulate iron (SFe), aluminum (SAl), and manganese (SMn) concentrations in shelf sediments collected
during JCO55 in January and February 2011. Pore water data retrieved additionally from these three cores are listed for Fe (Fepy) and Mn
(Mnpw ). Additional information are event number (MC...), latitude and longitude, and water column depth.

Station ID Depth SFe SAl SMn Fepw Mnpw
lat., long. (cm) (molkg™!) (molkg™!) (mmolkg™!) (umolkg™!) (umolkg™!)
#S1 (MC33) 0.5 0.58 1.77 11.56 3.01 2.29
54.16° S, 37.98° W 15 0.61 1.74 11.52 17.47 0.84
(257 m) 25 0.59 1.77 11.78 110.90 0.28
3.5 0.6 1.86 12.05 106.24 0.53

45 0.58 1.72 11.82 94.09 0.34

55 0.59 1.86 12.04 82.79 0.27

9 0.56 1.72 11.19 32.98 0.00

15 0.55 1.74 11.15 2.44 0.06

25 0.53 1.6 10.81 0.80 0.16

#S2 (MC34) 0.5 0.64 1.77 11.42 1.53 0.87
54.16° S, 37.94° W 1.5 0.6 1.79 11.73 - -
(247 m) 25 0.58 1.76 11.81 0.97 0.24
6.5 0.59 1.83 12.23 11.19 0.26

10.5 0.58 1.8 11.78 14.28 0.25

14.5 0.54 1.6 10.83 3.59 0.33

16.5 0.56 1.72 11.22 2.27 0.31

#S3 (MC35) 0.5 0.61 1.67 11.42 1.46 0.43
54.15°S,37.97° W 1.5 0.59 1.76 11.7 28.94 0.35
(254 m) 25 0.58 1.76 11.7 91.52 0.37
3.5 0.59 1.81 12.03 40.16 0.44

55 0.57 1.78 11.58 49.37 0.56

8.5 0.59 1.82 11.65 67.92 0.52

17 0.54 1.69 10.8 3.87 0.34

19 0.55 1.67 10.86 1.82 0.12

25 0.55 1.77 11.19 2.73 0.36

29 0.56 1.79 11.19 5.64 0.16

Tables 1, 2, 3, and 4), indicating that Fe in krill faecal pellets
was predominately associated with lithogenic (sediments)
and/or glacial flour particles, as also reported by Schmidt
et al. (2016). In contrast, the molar ratio of faecal pellets
(PFe /PMn = 70.65 &£ 8.22) was higher than that of sedi-
ments (SFe / SMn = 51.5 & 2.4) but just slightly higher than
that of suspended SAPS particles (PFe / PAl= 68.0 +0.6).
The observed variability in the PFe / PAl and PFe / PMn ra-
tio in the various particle pools is therefore a consequence of
different amounts of lithogenic and authigenic particles.

3.2 Supply routes of dissolved Fe, Mn, and Al

Concentrations of DFe, DMn, and DAI in the water column
showed strong variations and ranged from ~ 0.1 to 25.9, 0.3
to 19.6, and 0.1 to 18.4nmol L1, respectively (Figs. 2, 5
and 7), with highest values in the surface waters in Cum-
berland Bay and lowest beyond the shelf break (Fig. 6).
Dissolved Fe concentrations from this study are in agree-
ment with reported DFe near the Antarctic Peninsula (0.6—
14.6nmol L~!: de Jong et al., 2012) and Crozet Islands (0.1-
2.5nmolL~!; Planquette et al., 2007). Sources and sinks of
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dissolved trace metals, and their distribution in the water col-
umn are discussed in the following sections.

3.2.1 Supply from sediment pore waters

Elevated pore water concentrations of Fe and Mn (Fepw and
Mnpw ) were observed in sediments from the southern shelf
sites at water depths of around 250 m and ranged from 0.5
to 110 umol L~! for Fe and 0.1 to 2 umol L~! for Mn (Fig. 7
and Table S2 in the Supplement). The down-core distribu-
tions of Fepw and Mnpw were consistent with microbial dis-
similatory Mn and Fe reduction during organic matter oxi-
dation (Canfield and Thamdrup, 2009), and thus concentra-
tions were elevated at defined depth horizons controlled by
their redox potential (Eh) (Bonneville et al., 2009; Raiswell
and Canfield, 2012). The Fepw and Mnpw concentrations
near the sediment—seawater interface were used to calculate
fluxes of Fe and Mn to bottom waters following diffusion
of reduced Fe and Mn species across an oxygenated layer
in surface sediments. These calculations were performed fol-
lowing Boudreau and Scott (1978) and Homoky et al. (2012),
and are described in detailed in the Sect. S3 and Table S1. We
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Table S. Krill faecal pellets: particulate (P) and leachable (L) concentrations for Fe, Mn, and Al determined for the 27 individual krill faecal
pellet samples collected during nine krill incubation experiments on board RRS James Clark Ross (JR247). The particulate fraction, P, is
the sum of leachable (L) and refractory (R) fractions. Because of low concentrations, the leachable fraction is indicated in percent of the P

fraction.

Sample no.  Pellet weight PFe PAl PMn LFe LAl LMn

(mg) (ugmg™hH) (ugmg™) gmg) (%) () (%)
1 4.87 0.88 1.06 125 6.33 8.83 13.24
2 2.18 1.33 1.68 16.7 3.02 8.81 8.22
3 4.26 1.07 1.90 17.8 5.37 327 1181
4 1.91 5.19 5.53 76.1 2.15 1.95 5.68
5 1.41 2.70 2.84 39.1 246 1.59 3.54
7 7.80 67.1 64.2 998.3 2.93 2.21 3.25
8 0.99 2.71 242 350 3.76 4.59 5.99
10 1.48 6.42 4.89 71.6  0.29 4.83 091
13 2.79 4.13 3.11 503 0.36 5.07 1.53
15 0.77 373 38.1 531.1 2.03 2.80 6.21
16 1.21 6.35 6.22 81.2 124 7.47 3.13
18 12.27 40.0 36.6 582.5 3.95 2.07 4.29
19 2.19 11.2 9.49 1469 0.15 2.03 1.07
22 2.43 48.1 49.7 721.5 0.81 2.32 0.98
40 3.35 22.8 22.0 3374 5.51 3.21 5.50
41 8.55 6.91 7.14 103.1  1.11 1.88 4.31
42 3.5 25.7 24.8 376.2 5.09 2.98 5.29
45 0.40 3.96 4.43 433  1.27 13.90 1.46
47 7.65 3.63 392 527 0.34 0.68 3.65
48 0.63 3.06 3.21 34.1 0.05 4.22 0.76
49 4.42 29.6 28.5 4384 1.65 2.93 1.95
50 7.46 2.31 2.37 34.6 0.36 0.51 2.78
51 5.18 28.0 27.1 4313 1.85 2.60 2.01
62 1.20 4.63 4.68 68.0 0.31 1.78 0.47
68 2.25 44.0 40.2 667.4 4.84 1.95 4.77
69 1.66 43.6 44.8 663.7 5.66 2.13 5.46
71 347 353 36.4 5577 1.50 1.99 1.76

are aware that our calculated fluxes represent minimum esti-
mates of pore water efflux, which under natural conditions
is supplemented by advection due to bioirrigation, bioturba-
tion, and bottom water currents (Homoky et al., 2016). In ad-
dition, sediment cores were collected on the southern shelf,
while seawater and particulate samples were collected on the
northern shelf side. The benthic Fe fluxes for the southern
shelf may be lower than those on the northern shelf, as an el-
evated primary productivity and enhanced particle export on
the northern side will result in enhanced bacterial respiration,
which reduces Eh and promotes the dissolution of Fe oxides
with subsequent release of Fe into bottom waters.
Notwithstanding the above issues, we calculated sub-
stantial benthic fluxes from sediment pore waters to bot-
tom waters on the southern shelf for Fepw of <0.1 to
44.4umolm~=2d~! and Mnpw of 0.6 to 4.1 ymolm~—2d~".
The upper flux values for Fe are comparable to those reported
for dysoxic and river-dominated continental margins (3.5—
55umolm~2d~!; Homoky et al., 2012), seasonal maxima
of temperate and oxic shelf seas (23-31 umol m~2d~!; Klar
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et al., 2017), and shelf sediments off the Antarctic Penin-
sula (1.3-15.5 umol m~2d-1; de Jong et al., 2012). The Mn
fluxes were relatively low for shelf environments, with for
example fluxes of 70-4450 umol m~2 d~! reported for Baltic
and Black Sea sediments (Pakhomova et al., 2007). The Fe
pore water fluxes from the South Georgia shelf sediments,
which extend over an area of ca. 40 000 km?2, indicate that
these may serve as an important year-round source to over-
lying waters, totalling 4 to 1728 kmol DFed~! and 25 to
164 kmol DMnd .

Benthic release of trace-metal-enriched pore waters
shaped the distributions of dissolved trace metals in bottom
waters on the shelf. Concentrations of DFe, DMn, and DAI
were enhanced at isopycnals >27.05kgm™ (e.g. DFe up
to 7.70nmol L~ at site #21, Table 1) compared to surface
waters (e.g. DFe as low as 0.30 nmol L1 at site #13, Ta-
ble 1; Figs. 2 and 7). Trace-metal-enriched bottom waters
were also observed at sites #13, #14, #17, and #18 (Fig. 2).
The molar DFe / DMn ratios in oxygenated bottom waters
varied between 1.1 and 3.5 and were thus similar to pore
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Figure 3. Relationship of the entire data set for the particulate frac-
tion of Fe, Mn, and Al in particulates (P) retrieved using SAPS (a,
b) and the leachable particulate fraction (LPyy) estimated from un-
filtered and dissolved seawater samples collected using OTE bot-
tles (¢, d). Error bars represent the standard deviation of the anal-
ysis. The linear regression of each relationship is illustrated by a
dashed black line, the formula, and the RZ. The grey dashed line
in (c¢) and (d) represents the linear relationship of particulate trace
meals (P) shown in (a) and (b).

waters near the sediment—seawater interface (0—1 cm depth;
Fepw/Mnpw = 2.2 £ 1.0; Fig. 7). The similar trace metal ra-
tios suggest that Fe and Mn in enriched pore waters crossed
the sediment-bottom water interface and accumulated in
shelf bottom waters.

To determine the vertical DFe fluxes from near bottom to
surface waters, we employed a method outlined by de Jong
et al. (2012) and calculated both the advective and diffu-
sive flux terms, which are not affected by the benthic Fe
and Mn fluxes. We included the advective term in our cal-
culations, because it has been shown that internal waves that
cross shallow topographies and wind shear stress produce
strong turbulence that facilitate Eckman upwelling (vertical
advection) on the shelf (Kurapov et al., 2010; Moore, 2000;
Wolanski and Delesalle, 1995). Applying literature values
from the Southern Ocean for vertical diffusivity (Kz =1 x
104 m2 s~ 1. Charette et al., 2007) and advective velocity
(w=1.1x 10_6ms’1; de Jong et al., 2012), an average
vertical DFe flux on the shelf of 0.41 +0.26 umolm=2d~!
from subsurface waters into the surface mixed layer was es-
timated (Sect. S4). The surface mixed-layer depth was deter-
mined by a density criterion (~ 0.03 kg m~3; de Boyer Mon-
tégut et al., 2004) and was located at ~ 50 m depth. About
38 % of the DFe flux was related to Ekman upwelling (ad-
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vective term) and 62 % to the diffusive flux. This vertical
flux is at the lower end of the calculated benthic flux from
this study (Fepw < 0.1 to 44.4 umol m~2 d~!) and agrees with
values reported for other Southern Ocean shelf regions near
the Antarctic Peninsula (within 20-70 km from the coast: ~
2.7+ 3.4 umol m—2d-!; de Jong et al., 2012) and the Crozet
Islands (only diffusive flux of 0.06 umol m~2 d~!; Planquette
et al., 2007).

3.2.2 DFe supply from the leachable fraction of
particles

The analytical protocol for the analysis of SAPS-collected
particulate material allows separate estimation of the refrac-
tory and leachable fractions of trace elements (R and L, re-
spectively). The R fraction of the suspended matter is con-
sidered to include silicates and aged oxide minerals, while
the L fraction represents predominantly fresh oxyhydrox-
ides, biogenic material, and loosely bound surface-associated
elements which are readily remobilized using leaching pro-
cedures (Berger et al., 2008).

Concentrations of LFe, LMn, and LAl in the water col-
umn showed strong variations, ranging from a few picomoles
to several nanomoles per litre (Table 2). On average, LFe and
LAI concentrations at 150 m depth (~ 1.3nmol LFe L~! and
~0.95nmol LAIL™!) were significantly higher than at 20
and 50 m: LFe = 0.3 nmol L~! (Student ¢ test: 7[0.95; 28] =
1.725[1.703]) and LAl=0.43nmolL~! (Student ¢ test:
1[0.90; 28] = 1.383[1.313]). The LMn concentrations did
not vary strongly and remained near constant through-
out the top 150m (LMn=8.9pmolL~!; Student ¢ test:
t[0.65; 28] = 0.400[0.390]). The average contribution of L
to the particulate pool P (R 4 L) was low: 0.83 £1.13 % for
Fe, 2.554+1.58 % for Mn, and 2.42+41.32 % for Al (Table 2).
A study conducted in the North Pacific near the Columbia
River outflow reported considerably higher L fractions (e.g.
6.6 +3.0% of Fe, 78.74+14.0 % of Mn, 6.3 +2.0 % of Al;
Berger et al., 2008), which was attributed to enhanced bio-
genic particle levels in the low-salinity waters of the river
(Berger et al., 2008). In contrast, results from our study
showed that particulate trace metals predominately had a
refractory component (R), indicating that Fe, Mn, and Al
were mainly incorporated in mineral structures unaffected by
a weak acid leach (e.g. aged oxyhydroxides and alumosili-
cates).

A weak linear relationship between R and L was observed
for Fe (R = 0.57, n = 41), Mn (R?> = 0.64, n = 41), and Al
(R2=0.63, n =41) (Figs. S3 and S4), indicating that the L
fraction included mainly lithogenic and authigenic (e.g. scav-
enged) Fe, Mn, and Al and that not much LFe was incorpo-
rated in biogenic particles. The scavenging of dissolved trace
metals by charged particle surfaces is established (Homoky
et al., 2012; Koschinsky et al., 2003), but how well Fe and
other trace metals can be remobilized from marine parti-
cle surfaces and which process may modify their availabil-
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Figure 4. (a) OTE seawater samples: from left to right, concentrations of leachable particulate iron (LPy,Fe), aluminium (LPy,Al), and
manganese (LPy,Mn) of unfiltered seawater samples for the two shelf sites (#14, #13) and the shelf edge site (#11/12) (note different depth
scaling). Error bars represent the standard deviation of the analysis. Water density (og) is shown by the dashed black line. Brown areas
represent sediments, and pink areas the zone of resuspended sediment particles in the water column. Diagram 14 (left) contains the average
LPyyFe / LPypAl and LPyyFe / LPy,Mn ratio of particles in seawater samples collected within the pink layers. (b) sediment core samples:
diagram of S1, S2, and S3 displaying the Fe, Mn, and Al content in the three sediment cores. Shown are average SFe / SAl and SFe / SMn
ratios (molmol~!) of particles from the surface layer for sites S1, S2, and S3. Dots on the distance scaling in the middle represent the
distance of each water column station (blue) and sediment core (brown) station to the nearest shore.

ity over time are not yet well constrained (Achterberg et al.,
2018; Fitzsimmons and Boyle, 2014; Milne et al., 2017).

For instance, scavenged Fe is reported to exchange with
DFe in the water column of the tropical and high-latitude
North Atlantic (Achterberg et al., 2018; Fitzsimmons and
Boyle, 2014; Milne et al., 2017). In addition, recent work
has concluded that zooplankton grazing and the production
of faecal pellets remobilize DFe from lithogenic and bio-
genic particles (Giering et al., 2012; Schmidt et al., 2016).
In contrast, freshly produced inorganic Fe(IIl) oxyhydroxide
(FeOOH x nH,0O) precipitates in seawater are accessible but
are subject to chemical and structural conversions that lead
to less leachable Fe with time (Yoshida et al., 2006).

Biogeosciences, 15, 4973-4993, 2018

3.2.3 DFe supply from Antarctic krill

Elevated dissolved trace metal concentrations in the top
200 m of the water column coincided with elevated partic-
ulate trace metal concentrations at sites #11/12, #15/16, #18,
and #19/20 (Figs. 2, 5, and 7). The SAPS filters from these
stations contained a high load of krill faecal pellets. To eluci-
date the relationship between dissolved trace metal concen-
trations and the local abundance of Antarctic krill and their
faecal pellets, krill were caught and incubated on board the
vessel as described in Schmidt et al. (2016).

Antarctic krill excretion rates of DFe were variable,
relating positively to the extent of recent ingestion of
diatoms. However, on average krill released ~ 2.0+
1.9 nmol DFe individual ! d=! (Schmidt et al., 2016). When
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Figure 5. (a) OTE seawater samples: distribution of leachable par-
ticulate manganese (LPy,Mn in blue), iron (LPy,Fe in black), and
aluminium (LPypAl in red) concentrations in the water column of
the two other stations located on the island shelf edge (>700 m wa-
ter depth). SAPS samples: the particulate Fe (PFe) is illustrated
by black circles and corresponds to the concentration labels of
LPyyFe. Error bars represent the standard deviation of the analysis.
Density (oy) is illustrated by the black dashed line. (b) OTE sea-
water samples: dissolved manganese (DMn), iron (DFe), and alu-
minium (DAl) are represented by the same colour code as for the
upper row. Dashed line illustrates the Chl a content of the water
column recorded by the CTD-mounted fluorometer.

a mean krill abundance of 465 + 588 individuals m—2, es-
timated from acoustic backscattering measurements (Field-
ing et al., 2014), was applied, krill excreted 1.1+
2.2umol DFem~2d~! into the top 300 m of the water col-
umn (Schmidt et al., 2016). In addition, krill produced ca.
1.8 + 1.6 mg of faecal pellets per individual per day, contain-
ing ca. 0.30+0.33 umol Fe mg~!. Particle leaches performed
on those faecal pellet samples with 25 % acetic acid showed
that on average 2.5+2.1% (9.34 13.3nmol Femg™!) of
the total Fe in these pellets could be remobilized (Ta-
ble 5), which would equate to a production of 14+
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24 nmol LFe individual~' d~!. By multiplying the mean LFe
by the ambient krill density used above, we calculate a LFe
flux of 6.5+ 8.2 umolm~2d~! from the faecal pellets to the
water column.

Since krill are mobile animals, questions remain over
where the major part of the LFe flux occurs and what the fate
of this Fe source is. The highest krill abundances have gen-
erally (but not exclusively) been recorded in the top 100 m
layer (Fielding et al., 2014), and hence a large proportion of
this LFe flux from krill is likely to occur in the upper waters.
Notwithstanding our current uncertainties over the depths of
origin and fate, the LFe flux from krill faecal pellets and the
release of DFe were on average an order of magnitude higher
than estimated vertical diffusive and advective DFe fluxes,
with other grazers, such as copepods and salps, adding to
the recycled-flux estimates. This illustrates the importance
of zooplankton-mediated Fe cycling, in agreement with pre-
vious studies (Hutchins and Bruland, 1994; Sato et al., 2007).

The experimental set-up did not allow us to establish the
origin of the Fe released by krill, being both “recycled” Fe
from biogenic material and “new” Fe from lithogenic (and
authigenic) material. However, Schmidt et al. (2016) con-
cluded that zooplankton gut passage mobilizes lithogenic Fe,
and they showed that there are strong spatial patterns in the
organic and lithogenic make-up of faecal pellets. This in-
cluded an exponential decline in the quantity of lithogenic
particles in krill stomachs with distance from sources of
glacial flour on the northern South Georgia coast. For in-
stance, the lithogenic content at one site on the shelf con-
tributed ~ 90 % of stomach content volume, suggesting that
a large quantity of the accessible Fe was remobilized from
those inorganic particles.

3.3 Offshore transport of trace-metal-enriched water
masses

Along a W-E transect (Fig. 1; #14 via # 13 to #11/12), lateral
water mass transport carried suspended particles offshore.
Because of the small size of the SAPS particulate data set
(two data points), we considered the LPy, fraction for this
transect (Fig. 1). Indeed, elevated concentrations of the P
and LPy, metal fractions were observed in subsurface waters
that had been in recent contact with the shelf. These metal-
enriched waters, detected at the eastern shelf edge site #11/12
between 200 and 400 m water depth (Figs. 1 and 4), exhib-
ited similar temperature and salinity signatures to shelf bot-
tom waters. Furthermore, the elemental ratios of the LPy,
fraction in these waters were similar to the particles in the
surface sediments (S1, S2, and S3) and the resuspended par-
ticles in the bottom boundary layer (#13 and #14) on the shal-
low shelf (Fig. 4). A similar distribution was also found for
the P fractions, but limited to sites #13 and #14, as SAPS
were not deployed below 150 m at the shelf edge site #11/12.

The LPy,Fe concentration decreased offshore with dis-
tance from the island: from site #14 at 200m depth

Biogeosciences, 15, 4973-4993, 2018
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Figure 6. Tow fish seawater samples: concentrations of leachable particulate Fe (LPyyFe) of unfiltered seawater samples (a), dissolved Fe
(DFe) (b), salinity (c), and leachable particulate Mn (LPy,Mn) in unfiltered seawater samples (d) in surface waters collected during JR247
(circles) and JR274 (squares) around South Georgia. The highest LPy,Fe concentration was recorded in a single sample in Cumberland Bay,
reaching 2.2 pmolL_l. Because of generally lower concentrations, we excluded this data point in panel (a). [sobath are represented by grey

lines (GEBCO gridded bathymetry data).

(LPysFe = 82.26 nmol L~!; water depth=255m) to site
#13 at 100m depth (LPypFe= 34.06nmol LY, water
depth=130m) to site #11/12 between 200 and 400m
depth (LPy,Fe ~ 10.18nmolL~!; water depth=750m)
(Fig. 4 and Table 1). A similar decrease was observed
for the SAPS Fe data: from site #14 at 150m depth
(PFe =31.12nmol L™ !) to site #13 at 100 m depth (PFe =
10.23 nmol L~!). The decrease of PFe and LPy,Fe with in-
creasing distance to the coast is in agreement with previ-
ous observations for the western subarctic Pacific (Lam and
Bishop, 2008), which reported elevated LFe concentrations
in the range of 0.6 to 3.8nmolL~" in subsurface waters
between 100 and 200m depth along the Kamchatka shelf

Biogeosciences, 15, 4973-4993, 2018

and related this observation to offshore water mass transport.
However, we assume that particles in the deep particulate Fe
maximum are not transported over very large distances, due
to their tendency to sink, and thus do not significantly con-
tribute to the offshore Fe supply (Sect. 3.4).

Consistent with the observed P and LPyy, distributions, el-
evated dissolved metal concentrations at depths between 200
and 400 m at site #11/12 indicated that trace-metal-enriched
shelf bottom waters were transported offshore (Fig. 7). How-
ever, dissolved trace metal concentrations were more variable
than P and LPy,, and in the case of DMn they were highest at
depths at shelf edge site #11/12. Notwithstanding the above
issue, for horizontal flux calculations we used the entire DFe

www.biogeosciences.net/15/4973/2018/
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(blue) and sediment core (brown) station to the nearest shore.

data set for water depths between 100 and 400 m. Average
DFe concentrations in this depth range were highly variable
and did not follow an exponential or power law function with
distance from the coast (Fig. S5), which is necessary to de-
termine scale length and horizontal diffusivity (K},) (de Jong
etal., 2012). As aresult, horizontal flux calculations from the
data could not be executed.

The distribution of dissolved trace metals in surface wa-
ters indicated that there was a limited transfer of DFe be-
yond the shelf break into the bloom region. Surface sam-
ples showed that DFe concentrations were strongly enriched
in surface waters on the shelf (0.3-25.9 nmolL~!, Fig. 6b),
while DFe concentrations beyond the shelf break decreased
abruptly to concentrations <0.2nmol L~! (Fig. 6b). This in-
dicates that DFe was quickly removed from ACC surface
waters following passage of the island. However, previous
studies in the region suggest DFe transfer beyond the shelf
break of South Georgia (Borrione et al., 2014; Nielsdottir et
al., 2012). Nielsdéttir et al. (2012) reported surface waters
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downstream of the island shelf with up to 2nmol DFe L1,
with seasonal variations and highest concentrations during
austral summer in January/February 2008. Dissolved Fe data
from JR247 (2011) and JR274 (2012) were also obtained
during the summer season but indicated rapid reduction in
concentrations through mixing with DFe-depleted ACC wa-
ter, biological uptake, and/or particle scavenging (authigenic
precipitation).

3.4 Iron budget in the bloom region

Large seasonal phytoplankton blooms downstream of South
Georgia recorded by Earth-observing satellites are initiated
by Fe supplied by the South Georgia island—shelf system dur-
ing the passage of ACC waters (Fig. 1) (Borrione et al., 2014;
Nielsdoéttir et al., 2012). Based on our study, the main DFe
sources during this passage of the ACC were benthic release
and vertical mixing, release of DFe from krill and krill faecal
pellets, and supply of particles from run-off and glacial melt-

Biogeosciences, 15, 4973-4993, 2018
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water. In the following sections we will discuss the strength
of each DFe source in the bloom region ca. 1250 km down-
stream of the island and estimate how much DFe is required
to stimulate the elevated primary productivity in that region.
Because of the lack of observational data for the region, this
part of the study combines literature values from different
Southern Ocean studies. This approach contains large uncer-
tainties, which are discussed in detail in Sect. 3.4.6.

3.4.1 Phytoplankton Fe requirements in the
phytoplankton bloom region

The surface ocean in the vicinity of South Georgia during the
austral summer features strongly elevated biomass produc-
tion (Gilpin et al., 2002) and represents the largest known
CO; sink in the ACC (12.9 mmol Cm~2d~!; Jones et al.,
2012). The Fe requirements of the phytoplankton commu-
nity in austral summer within the bloom that reaches sev-
eral hundred kilometres downstream of the island were de-
termined by combining satellite-depth-integrated net primary
production data derived from a phytoplankton pigment ad-
sorption (apn)-based model (62 £ 21 mmol C m2d~!; Ma
et al., 2014) over the period of 2003—2010 with an average
intracellular Fe / C ratio obtained from five Southern Ocean
diatom species (5.23 42.84 umol Fe mol~! C; Strzepek et
al., 2011). This approach yielded an approximate Fe require-
ment of 0.334-0.11 umol DFe m~2 d~! for the phytoplankton
community (Fig. 8). For a more detailed description of the
applied values and calculations see Sect. S4.

3.4.2 Horizontal and vertical mixing

De Jong et al. (2012) reported that horizontal and vertical ad-
vective, diffusive (diapycnal), and deep winter mixing down-
stream (1250-1570 km) of the Antarctic Peninsula (between
51 and 59° S) supplied DFe to the surface waters in quanti-
ties that exceeded the DFe requirement of primary produc-
ers during austral summer (0.13 £ 0.04 umol DFem~2d~1).
In their study region, de Jong et al. (2012) determined that
~0.3040.22 umol DFe m~2 d~! was supplied by horizontal
and vertical fluxes, of which 91 % of the vertical flux was
attributed to Ekman upwelling (advective term), and 43 %
of the entire DFe flux was supplied by deep winter mixing.
Tagliabue et al. (2014) reported similar model estimates for
the region that is located south of the PF and characterized
by strong Ekman upwelling and winter entrainment.

For the bloom region downstream of South Georgia,
model calculations by Tagliabue et al. (2014) indicated
that less than 0.0003 umol DFem~2d~! was supplied by
diapycnal mixing and that ~ —0.0027 umol DFem~2>d~!
was removed by Ekman downwelling. For the vertical
flux component, this yields an overall loss of DFe of
~ —0.002 umol DFem~2d~! (0.0003 + (—0.0027)) in the
bloom region north of South Georgia (Fig. 8).
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Figure 8. Sketch of DFe fluxes on the shelf, in the transition
zone, and in the downstream blooming region, separated by the
red dashed lines. (left sketch) The dissolved Fe fluxes on the shelf
that together generate Fe rich biogenic and lithogenic particles (dark
green). These are transferred offshore (light green arrows) following
the ACC to open-ocean sites (sketch in the middle). Iron-enriched
particles (dark green) in the transition zone are recycled and sup-
plement DFe requirements of the phytoplankton community in the
transition zone. During each cycle of recycling and uptake an un-
known Fe fraction is lost by vertical export. (right sketch) The dis-
solved Fe fluxes in the blooming zone.

Because the sampling in our study was not suitable for
calculations of the horizontal flux, we applied the horizon-
tal flux estimates from de Jong et al. (2012) for our own Fe
budget. For a region ca. 1250 km downstream of a source,
calculations according to de Jong et al. (2012) suggest that
ca. 0.11 4 0.03 umol DFem—2d~! is supplied to the bloom
region by horizontal advection and diffusion (Fig. 8).

3.4.3 Deep winter mixing

The entrainment of new DFe during winter represents an im-
portant Fe source to surface waters in the Southern Ocean
(de Jong et al., 2012; Tagliabue et al., 2014). Elevated DFe
concentrations in subsurface waters support primary pro-
duction in the austral spring following entrainment by deep
winter mixing. Model estimates showed that DFe supplied
by winter mixing, together with diapycnal mixing, matches
the Fe requirements at most low-productivity sites in the
Southern Ocean. However, deep winter mixing at the highly
productive sites north of South Georgia supplies only ~
0.011 umolm~2d~! (Tagliabue et al., 2014) (Fig. 8). Later
in the season primary productivity in surface waters is con-
sidered to rely strongly on Fe derived from recycling of bio-
genic material (Boyd et al., 2015).
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3.4.4 Dust deposition

Dissolved Fe supplied by the deposition of aeolian dust is
considered to be an important source to the Southern Ocean
(Conway et al., 2015; Gabric et al., 2010; Gassé and Stein,
2007). Aeolian flux model estimates, supplied by Borrione et
al. (2014) using a regional South Georgia model, suggested
that up to 8umol Fem~2d~! is delivered to the bloom re-
gions downstream of South Georgia by dry and wet deposi-
tion. However, reliable dry- and wet-deposition estimates for
the Southern Ocean are limited. Data from the South Atlantic
along 40° S, ~ 1000 km north of South Georgia, showed that
rather low levels of DFe (~ 0.002umolm~2d~!) are sup-
plied by dry deposition (Chance et al., 2015). In addition,
~ 1.0+ 1.2umol DFem~2d~! are delivered sporadically to
the 40° S area by wet deposition (Chance et al., 2015). How-
ever, even when assuming that similar wet-deposition fluxes
occur north of South Georgia, fertilization with DFe is tem-
porally and spatially limited. Furthermore, it is very un-
likely that such sporadic events could cause long-lasting and
far-extending phytoplankton blooms strictly constrained be-
tween the PF and the SACCFE.

3.4.5 Luxury Fe uptake on the shelf

Our conservative estimate of DFe supply to the bloom
region by vertical/horizontal mixing, deep winter entrain-
ment, and dust deposition (<0.12umol Fem=2d~!) cov-
ers only ~30% of the estimated phytoplankton require-
ments (~ 0.33 umol Fem~2d~!) (Fig. 8). We hypothesize
that the missing supply of ~ 0.21 umol DFem~2d~! is sup-
plied to the bloom region through the offshore advection
of phytoplankton cells that are enriched in labile Fe. It has
been demonstrated that Fe-rich biogenic particles can be cre-
ated by luxury iron uptake of diatoms (Iwade et al., 2006;
Marchetti et al., 2009). Using bottle incubation experiments,
Iwade et al. (2006) showed that under Fe-replete conditions
the coastal diatom Chaetoceros sociale stores more intracel-
lular Fe than needed for the production of essential enzymes
and proteins. We therefore hypothesize that phytoplankton
cells that grew under excess nutrient supply on the South
Georgia shelf stored more Fe than needed for their metabolic
processes. Due to subsequent cycles of grazing, lysis or bac-
terial decomposition, this iron can be remobilized in surface
waters and made available for renewed phytoplankton up-
take.

High Fe recycling efficiencies, described by the fe ratio
(Boyd et al., 2005), are required to maintain the cycle of
remineralization and uptake in the euphotic zone. This coun-
teracts the loss of particulate Fe by vertical export. Boyd
et al. (2015) reported the highest recycling efficiencies of
~ 90 % for subantarctic DFe-depleted waters such as down-
stream of South Georgia. Further, these workers showed that
the degree of recycling is controlled by the abundance of
prokaryotes with a high Fe quota, such as cyanobacteria, and
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particularly by grazing zooplankton. The waters off South
Georgia feature among the highest biomasses worldwide of
metazoan grazers (Atkinson et al., 2001). These large graz-
ers, chiefly copepods and Antarctic krill, are able to effi-
ciently ingest large diatoms, including species that are known
to store luxury iron (Atkinson, 1994; Hamm et al., 2003),
thereby disintegrating cell membranes and releasing trace
metals.

In recent years it has become apparent that the recycling
of biogenic particles in the euphotic zone is a critical mech-
anism that maintains primary production, especially when
the dissolved nutrient pools become exhausted (Boyd et al.,
2015; Tagliabue et al., 2014). However, uncertainties re-
main over the degree to which Fe is lost during each cy-
cle of uptake and remineralization. Thus more research is
needed, especially fieldwork that encompasses the commu-
nity structures (bacteria, phytoplankton, zooplankton, and
higher predators; Ratnarajah et al., 2017; Wing et al., 2014),
the degree of recycling for macro- and micro-nutrients in the
euphotic zone, and loss of Fe through vertical export.

An alternative explanation to our suggestion that recycling
of luxury-iron-enriched biota contributes to the downstream
bloom is that iron is adsorbed directly onto particles that
are advected directly offshore. For example freshly precip-
itated Fe(IIT) oxyhydroxides (FeOOH x nH,O) may be ad-
sorbed onto biogenic and non-biogenic material. Iron freshly
absorbed onto biogenic and non-biogenic material can be
released and incorporated by phytoplankton and bacteria.
However, the bioavailability of adsorbed and inorganic Fe
changes over time. Both Wells et al. (1991) and Chen and
Wang (2001) demonstrated that the bioavailability of freshly
precipitated FeOOH and Fe adsorbed onto colloids/inorganic
particles decreases over time. This is primarily due to the de-
hydration of the loosely packed structure that is subsequently
transferred into amorphous FeOOH in the mineral structure
goethite. Because of this we suggest that the majority of Fe
from inorganic FeOOH or Fe adsorbed onto particles must be
released and utilized in an early stage of the voyage, mainly
on the shelf or shortly after the shelf break.

3.4.6 Budget uncertainties

Estimates for Fe budgets are challenging and often contain
large uncertainties. This is primarily due to the lack of site-
and time-specific flux data. Moreover, the mean annual esti-
mates necessary for reliable supply calculations reach a high
level of accuracy only after the same region has been moni-
tored multiple times to cover seasonal and annual anomalies.
In the following, we will discuss the uncertainty of the differ-
ent Fe fluxes in the blooming region north of South Georgia.

We identified three main processes that together account
for ~98 % of the total Fe flux in the blooming region
and thus contribute largest uncertainties: the horizontal flux,
dry/wet deposition, and winter entrainment. Horizontal flux
estimates of this study rely on literature values that were
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collected offshore of the Antarctic Peninsula. In contrast,
South Georgia is an island with a confined shelf region,
and thus horizontal DFe fluxes may differ greatly. Further-
more, we showed not only that dry-deposition dust fluxes
are generally low but also that the Fe flux can be supple-
mented strongly by sporadic wet-deposition events (~ 1.0 £
1.2 umol DFe m~2d-1) (Chance et al., 2015). Atmospheric
fluxes are variable, illustrated by the large standard deviation
of the wet-deposition Fe fluxes obtained at 40° S. Further-
more, to determine the magnitude of the seasonal DFe win-
ter entrainment reliable estimates of the winter mixing layer
depth (WMLD) and the ferrocline are required. Even though
the WMLD can be estimated very precisely using Argo float
data, the depth of ferrocline in Tagliabue et al. (2014) is
based on 140 unique observations distributed over the entire
Southern Ocean. Due to this, regional anomalies are not cap-
tured. In addition to the DFe fluxes in the blooming region,
we also assume that the biological Fe demand estimated for
the phytoplankton community contributes a large error. The
biological Fe requirements were determined using satellite-
derived net primary production data and an average intracel-
lular Fe / C ratio derived from five different diatom species
native to the Southern Ocean. Both parameters are not well
constrained, and because of the lack of observational data
we applied the lowest intracellular Fe / C ratio available in
the literature (Strzepek et al., 2011). However, we found that
even small changes of both parameters change the estimated
Fe availability in the bloom region strongly. Nevertheless,
flux estimates even with large uncertainties can help us un-
derstand the degree of the nutrient supply vs. consumption
by organisms and help to pinpoint the limitation of the es-
timates made. To ultimately reduce the level of uncertainty
and to improve our biogeochemical models, more observa-
tional data from the bloom region north of South Georgia are
required.

4 Conclusions

Shelf-sediment-derived Fe and Fe released from Antarctic
krill significantly contribute to the DFe distribution in the
shelf waters around South Georgia. Nevertheless, DFe en-
riched in shelf waters are not effectively advected to the
phytoplankton bloom region downstream of the island. To-
gether with other Fe supplies — such as aeolian dust, deep
winter mixing, and diapycnal mixing — the horizontal advec-
tion contributes only ~ 30 % to the Fe requirements of a phy-
toplankton bloom downstream of South Georgia. We there-
fore hypothesize that the majority of the Fe is derived from
remineralization of Fe-enriched phytoplankton cells and bio-
genic particles that are transported with the water masses into
the bloom region.

While we highlight the importance of grazers and the cy-
cling of various particulate Fe phases in the Fe fertilization
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of the South Georgia bloom, more work is needed to clarify
the transport mechanisms of dissolved and particulate Fe.
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