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Abstract. As part of the US-AMLR program in January- and water circulation patterns in the study area, and with the
February of 2006, 99 stations in the South Shetland Islandshypothesis that the relatively high rates of primary produc-
Antarctic Peninsula region were sampled to understand théion in the central regions of the Scotia Sea are partially sus-
variability in hydrographic and biological properties re- tained by natural iron enrichment resulting from a northeast-
lated to the abundance and distribution of krill in this erly flow of iron-rich coastal waters originating in the South
area. Concentrations of dissolved iron (DFe) and total acid-Shetland Islands-Antarctic Peninsula region.

leachable iron (TaLFe) were measured in the upper 150 m
at 16 of these stations (both coastal and pelagic waters)

to better resolve the factors limiting primary production in 1 |ntroduction

this area and in downstream waters of the Scotia Sea. The

concentrations of DFe and TaLFe in the upper mixed layerPelagic waters of the Southern Ocean generally have low
(UML) were relatively high in Weddell Sea Shelf Waters chlorophylla (chl-a) concentrations, although some regions
(~0.6 nM and 15 nM, respectively) and low in Drake Passagesuch as the Kerguelen Plateau, Crozet plateau, Ross Sea,
waters ¢-0.2nM and 0.9 nM, respectively). In the Brans- and Scotia Sea have significantly higher sidencentrations
field Strait, representing a mixture of waters from the Wed- (Sullivan et al., 1993; Holm-Hansen et al., 2004; Blain et
dell Sea and the Antarctic Circumpolar Current (ACC), con-al., 2007; Pollard et al., 2007). There is ample evidence
centrations of DFe were-0.4nM and of TaLFe~1.7nM.  that the low chla concentrations in the pelagic waters of the
The highest concentrations of DFe and TaLFe in the UML Southern Ocean are the result of biomass-limiting concen-
were found at shallow coastal stations close to Livingstontrations of Fe (Martin et al., 1990; Boyd and Law, 2001;
Island ¢~1.6nM and 100nM, respectively). The ratio of Oztiirk et al., 2004; Hopkinson et al., 2007; Boyd et al.,
TalLFe:DFe varied with the distance to land45 at the  2007). Conversely, elevated chleoncentrations in coastal
shallow coastal stationsy15 in the high-salinity waters of and plateau areas are thought be the result of re-suspension of
Bransfield Strait, and-4 in ACC waters. Concentrations iron-rich sediments, iron diffusion from sediment and subse-
of DFe increased slightly with depth in the water column, quent upwelling (Korb et al., 2008; Blain et al., 2007,2008;
while that of TaLFe did not show any consistent trend with Planquette et al., 2007; Pollard et al., 2007; Hewes et al.,
depth. Our Fe data are discussed in regard to the hydrograptB009). De Baar et al. (1995) have attributed the highachl-
waters in the polar frontal region at6° W to upwelling of
Fe-enriched upper circumpolar deep water into surface wa-

Correspondence tavl. V. Ardelan ters resulting from the dynamic polar jet. Much of the Scotia
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Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

12 M. V. Ardelan et al.: Natural iron enrichment around the Antarctic Peninsula

Scotia Ridges as well as the shelf regions surrounding South
Georgia and the South Sandwich Islands. Yet«chbncen-
trations are relatively high=(1.0 mg nT3; Fig. 1a).

One possibility for the enrichment of the central portion of
the Scotia Sea is Fe fertilization from the continental shelves
of the South Shetland Islands (SSI) and the Antarctic Penin-
sula area (Hoppema et al., 2003), as waters from these ar-
eas flow in a northeasterly direction toward South Georgia
(Hofmann et al., 1996, 1998). Previous studies (Hopkinson
et al., 2007; Hewes et al., 2008) have shown that dissolved
Fe (DFe) concentrations in the South Shetland Islands area
(see Fig. 1b) are high>(1 nM), in contrast to the low Fe
values in the Antarctic Circumpolar Current (ACC) waters
(<0.50 nM) (Martin et al., 1990; &ischer et al., 1997; Hewes
et al., 2008). If enrichment of Fe is the major factor pro-
moting the high chk biomass in the central Scotia Sea, it is
important to determine Fe concentrations in the source wa-
ters that flow into this region.

The South Shetland Islands-Antarctic Peninsula region is
one of the sites where landmasses strongly interact with
Antarctic currents. If enrichment of Fe from shelf-derived
sediments is the major factor promoting the high ¢tden-
centrations in the central Scotia Sea, this region could be a
significant source. In this paper we provide data on con- Longitude (West)
centrations of both dissolved (DFe) and total acid leachable
Fe (TaLFe) at 16 stations that are located in both coastafig. 1. Satellite images showing mean chlorophyltoncentrations
and offshore regions of the South Shetland Islands area (sggngm3) of surface waters in the Drake Passage-Scotia Sea re-
Fig. 1b). These data are discussed in regard to phytoplankgions of the Southern Ocean during January, 2006. The color bar in
ton Fe requirements, ratios of dissolved to particulate Fe, anthe top image applies to both imagéa) Large scale map showing
the possible significance of a natural Fe fertilization from thehigh chlorophylla concentrations in the central Scotia Sea down-

northern Antarctic Peninsula region for the productivity of Stream of the South Shetland Islands regi@). Antarctic Penin-
the Scotia Sea. sula region, with the numbered white circles showing location of

stations where Fe concentrations were determined. Numbers refer
to the stations listed in Table 2 that also provides hydrographic and
biological data. The small white circles show the locations of all the
stations in the AMLR sampling grid. The thin continuous line in (a)
and (b) is the 1000 m depth isobath. AP, Antarctic Peninsula; DP,
Drake Passage; El, Elephant Island; KG, King George Island; LI,
Livingston Island; SA, South America; SO, South Orkney Islands;
All water sampling was done during the Antarctic Marine ss, Scotia Sea; SG, South Georgia; SSI, South Shetland Islands;
Living Resources Program (AMLR) aboard tR#V Yuzh- WS, Weddell Sea. White areas indicate no data due to cloud or ice
morgeologiyaduring the period 16 January to 8 February, conditions.

20086, in the region of the Antarctic Peninsula and South

Shetland Islands (see Fig. 1). The sampling grid consisted

of 99 routine CTD (Conductivity-Temperature-Depth) caststarget depths. Water samples for determination of Fe concen-
to 750 m (or to within 10 m of the bottom at shallower sta- trations were obtained as described in Sect. 2.6.

tions). The CTD carousel held ten 8-liter General Ocean-

ics Niskin bottles and the following sensors (a) a Chelsea2.2 Drifter buoy tracks

profiling fluorometer for measurement of in situ ehfluo-

rescence, (b) a Wet Labs profiling transmissometer for meakighteen Langrangean Drifter Buoys were released during
surement of the attenuation of light at 660 nm, and (c) a co-the last week of January to examine surface currents at vari-
sine PAR (Photosynthetic Available Radiation, 400—700 nm).ous locations within the AMLR survey area. Based on results
Continuous profile data were obtained on the down castsfrom releases during previous years, three general areas of in-
Water samples for chi-and macronutrient determinations terest were examined: (a) seven drifters were released close
were obtained from the Niskin bottles which were closed onto Elephant Island along the northeast and southeast coasts,
the up casts at 200, 100, 75, 50, 40, 30, 20, 15, 10, and 5ntb) four drifters were released in the Bransfield Strait south

Latitude (South)

Latitude (South)

2 Materials and methods

2.1 Field sampling and oceanographic measurements
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and west of Elephant Island, and (c) seven drifters were re2.6 DFe and TaLFe sampling and determination
leased to the southeast of King George Island. The locations
of these buoys, which had a drogue depth of approximatelyVater samples were collected with acid-cleaned Teflon-lined
15m, were transmitted daily via orbiting polar satellites. GO-FLO bottles deployed on trace metal clean polymef 1/4
Data quality control and interpolation to 6-h positions are Sta-Set X linen (New England ropes) line using a dedi-
conducted by the GDP (Hansen and Poulain, 1996). cated winch. The samples were taken from depths rang-
Additionally, 6-h drifter positions for all drifters released ing from 10 to 175m to represent the upper mixed layer
as part of the Global Drifter Program (GDP) were extracted(UML) and water below the pycnocline. Samples from the
from the Global drifter databashkt(p://www.aoml.noaa.gov/ GO-FLO bottles were drained into acid-cleaned, 0.5 and
envids/gld). We plotted the positions of all drifters that en- 1.0 liter low-density polyethylene (Nalgene) bottles. These
tered the sampling area between 1979 and present to provideottles were taken to a clean room, placed on a rack under
a picture of the surface flow, areas of advection off the shelfclean air blowing from a Class-100 laminar flow hood and
and areas of re-circulation that could increase the residencprocessing of the samples started immediately. Water sam-

time and mixing of different waters in the area. ples for TaLFe determination were pumped directly into the
polyethylene bottles without filtration. For DFe analysis wa-
2.3 Upper mixed layer depth determination ter was driven by peristaltic pump, using acid-washed Tygon

) tubes, through acid-washed Sartorius filters (0.4 um pore size
Depth of the upper mixed layer (UML) was calculated as fjjtration followed by 0.2 um pore size filtration).The DFe
the depth at which potential density (sigma-theta) differedsractions were defined operationally by the 0.2 um nominal
by 0.05kgn1* from the mean potential density measured pore size, and therefore include colloidal Fe During filtration
between 5 and 10 m depth. an additional HEPA air-filter cartridge (HEPA-CAP/HEPA
VENT, 75mm, Whatman) was connected to the pressure-
relief/air-vent valve of the GO-FLO bottles in order to en-
chl-a concentrations (mgn?) were determined by mea- sure that the air in contact with the sample during the_fi_lt_ra-
surement of chk fluorescence after extraction in methanol. 10N Was clean. A_‘” samples for DFe and TalFe were acidified

to pH 1.7-1.8 with 15.4 M ultra-pure HN{Joptima grade,

Sample volumes of 100 ml were filtered through glass fiber . e
filters (Whatmann GFF, 25mm) at a differential pressureS|gma). The acidified water samples were retumed to NTNU
and stored for about 7-8 months before analysis.

of <1/3rd atmosphere. The filters with the particulate ma- .
Pre-concentration of DFe and TalLFe from seawater was

terial were placed in 10 ml of absolute methanol in 15-ml ) o o

tubes and the photosynthetic pigments extracted®@ f#r carried out by a modlfled comblnatlon of Chelex—_lOO tNa

at least 12h. The samples were then shaken, centrifugedo'™: 100-200 mesh size, Bio-Rad) batch (Baffi and Car-
dinale, 1990; Grotti et al., 2001) and column technique

and the clear supernatant poured into cuvettes (I® mm) o
for measurement of chil-fluorescence before and after the (Oztiirk, 1995, 2002). Before the Chelex treatmer$00 ml

addition of 2 drops of 1.0NHCI (Holm-Hansen and Rie- of the acidified samples were microwaved for 2.5min at

mann, 1978). Fluorescence was measured using a fluoromt:100 W (”600(,:)’ allowed .to ,COOI for 30min, and then mi-
eter (Turner Designs model 700) that had been calibratedoWaved again for 2.5min in order to break down the re-
using a prepared chi-standard (Sigma C-6144) with the maining strong ligand—Fe complexgs and_coIIO|daI iron. This
concentration determined by spectrophotometry (Jeffrey andS Necessary to convert the strong ligand-iron complexes that
Humphrey, 1975). Stability of the fluorometer was verified 9Nt not be Chelex-100 labile into labile forms (Bruland
daily by use of a solid-state fluorescence standard (Turnefnd Rue, 2001, 2005). The pH of the acidified and mi-

2.4 chlorophyll-a determination

Designs No. 7000-994) crowaved samples was brought to 5.7-5.9 by addition of
' ' 1.4 M ultra-pure ammonium acetate buffer immediately be-
2.5 Macronutrient determination fore addition of the Chelex-100 slurry as described below.

Clean ammonium acetate buffer (1.4 M) was prepared by
Water samples~50ml) for macronutrient analysis were dilution of isothermally distilled ammonium solution with
poured directly from the Niskin sampling bottle on the Milli Q water and slowly mixing with acetic acid (double
carousel into acid cleaned (1N HCI) polyethylene bottles ofdistilled ultra pure, PPB/Teflon grade, Aldrich) under a fume
60 ml capacity. The samples were maintained-20°C un- hood.
til analysis. An autoanalyzer (Technicon) was used for de- Chelex-100 resin was carefully cleaned by repetitive
termination of nitrate+nitrite, phosphate, and silicic acid aswashes with 3 M ultra-pure HCI (isothermally distilled), 2 M
described by Atlas et al. (1971). Throughout this paper weultra-pure HNQ@ (optima grade, Sigma), and Milli Q wa-
refer to the concentration of nitrate + nitrite as nitrate con-ter (18.4 nf2) and then converted to NH4by using isother-
centration. mally distilled NFyOH (seeOztiirk et al., 2002, for details

of preparation and cleaning the Chelex-100). An aliquot

(0.8 ml) of the Chelex-100 slurry (0.35-0.45 g dry weight of

www.biogeosciences.net/7/11/2010/ Biogeosciences, 25.2010
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Table 1. Accuracy and precision of the method by using the certified standard materials NASS-5 (National Research Council Canada) and
spiked seawater samples. Method and resin blanks with procedural detection limits have been presented in the lower section of the table
The numbers in the parentheses are the number of spikes and blanks.

added found %

(nM) (nM) recovery % rsd
Open Ocean Seawater treated with Chelex-100* Spikes A
(6) 0.50 0.49-0.04 98.0 8.3
(6) 1.0 0.9%0.07 96.7 7.5
(6) 15 1.38:0.17 92.1 12.6
4 18 18.3t1.1 101.7 5.8
UVc+Chelex-100 treated seawater (3)* SpikesB 2 nM 102 929 4.0
Coastal SW treated with Chelex-100 (4)* SpikesC 20nM 0Bl 83 4.1
Coastal SW treated with Chelex-100-microwaved (5)* SpikesD 20nM  2608%7 104 2.8
NASS 5 (3) 3.70nM 3.160.33 84 7.2
NASS 5 +microwaved (3) 3.70nM 3.99.4 96 4.3
Chelex-100 Blank (8) 0.380.01 nmol
Method blank (15)** 0.03-0.02 nmol
Procedural detection limits
(with pre-concentration factor 100) 0.03 nM

* Filtered seawater (from station 11 (A1505)) at pH 5.8 treated with Chelex-100 to remove all Chelex labile Fe. and spiked seawater were
again treated with Chelex-100 immediately after the addition of iron, Spike C and D were treated with Chelex-100 24 h after addition of iron,
allowing the added iron to reach the equilibrium with existing natural organic ligands.

** Method blanks: 30 ml Milli-Q water+10 ml ammonium acetate solution treated exactly as sample with 0.5 g clean Chelex-100 and eluted
similarly.

resin) was added to 500 ml of seawater that had been bufferechamber and nebulizer. Plasma and mass spectrometer pa-
with ultra-pure ammonium acetate buffer solution to pH 5.7—rameters were optimized daily at a medium resolution:of
5.9, which is the optimal pH range for iron pre-concentration 4000. Mass window was 100%. The nebulizer gas flow opti-
on Chelex-100. The samples with Chelex-100 were shakemization was done daily. Flushing the sampler tube and sam-
at 70rpm for 48 h at room temperature. All sample treat-ple loop was done with 0.6 M ultra-pure HNOThe sample
ments and pre-concentration were done in a Class-100 cleamptake rate to plasma was 0.25 mL miwith a sample/peak
laboratory at the Dept of Chemistry at NTNU. ratio of 20. Each analysis used 0.8 ml sample and 1.2ml
The samples with Chelex-100 were transferred to an acidwashing acid. As the washing and sample scanning times
cleaned plastic Bio-Rad column system pre-loaded withtook 30s, the total time required for three scans of each sam-
~0.1g clean Chelex-100 resin and allowed to run at a rateple was 90s. In order to lower the instrumental Fe blank
of ~2mlmin~t. When this step was completed, the Chelex- values, 0.6 M ultra-pure HN®was run before sample mea-
100 in the column was washed with 20 ml of Milli-Q wa- surements. Element 2 software was used for the analysis.
ter and 10 ml 0.1 M ultra-pure ammonium acetate buffer so-
lution to remove the residue of seawater matrix. For ex-2.7 Calibration and performance of iron determination
traction of iron from Chelex-100, 1.0 ml of 2 M ultra-pure
HNO3z; was added to the column and allowed to react for Accuracy and precision of the iron determination method
10 min, after which the column was gently shaken in order towere checked using the certified standard materials NASS-
maximize the contact between the Chelex-100 resin and thg (National Research Council of Canada). Recovery tests
HNOs. One ml of the HNQ extract in the column was then were also carried out with seawater spiked with various Fe
carefully transferred into an acid-washed 10 ml polyethyleneadditions, showing good recovery for added iron (accuracy
(PE) tube. The same procedure was repeated with 4 ml ond precision are summarized in Table 1). The data re-
0.25 M ultra-pure HN@ added to the column. After 30 min, ported in this paper represent total concentrations of dis-
this extract was added to the PE tube containing the first exsolved iron and the acid-leachable (g#.8) fraction of the
tract. The final volume, 5.0 ml represents a pre-concentrationotal iron. It does not include iron from iron-containing par-
factor of 100. ticulate material that is acid-refractory. From an ecologi-
DFe and TalLFe were measured using a High Resolutiorcal point of view this is not a serious consideration because
Inductive Coupled Plasma Mass Spectrometer (HR-ICP-MS)ron in acid-refractory particles is most likely not available
Element 2 (Thermo-Finnigan) with PFA-Schott type spray to microbial cells. Comparison between spiked seawater

Biogeosciences, 7, 125, 2010 www.biogeosciences.net/7/11/2010/
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Table 2. Data for the 16 stations shown in Fig. 1b where concentrations of dissolved and total acid leachable Fe were determined. The
five groupings of the stations are based on common characteristics, including water depth and proximity to different water masses such as
Weddell Sea water and Drake Passage water. Depth of the upper mixed layer (UML) was calculated as the depth at which sigma-theta
differed by 0.05 kg T3 from the mean density between 5 and 10 m depth. Values shown for temperature, salinity, aadeciniean values

in the UML.

Station . Latitude, Longitude, Bottom UML R . Chl-a,
Group No. Station ID og oW Depth, m Depth, m Temp., °C Salinity mg m
1 A0208 61.7 54.0 328 141 044 34.35 0.83
A 2 A0410 62.2 55.0 540 44 -0.41 34.28 0.80
3 Al214 63.2 59.0 147 112 0.35 34.39 1.18
4 Al1515 63.5 60.5 544 20 0.92 34.30 0.99
5 A0408 61.8 55.0 2012 45 185 34.25 1.13
B 6 A0609 62.0 56.0 2150 39 2.16 34.27 1.40
7 A0911 62.5 57.5 1485 27 292 34.29 1.88
C 8 Y2Al 62.3 61.5 1200 45 2.75 34.04 3.97
9 Y8Al 62.1 61.1 1070 21 297 33.94 2.90
10 A2010 62.3 63.0 4078 14 346 33.64 1.04
D 11 A1505 61.0 60.5 3708 20 3.62 33.80 0.10
12 A0902 60.2 57.5 3284 19 357 33.80 0.14
13 A0802 60.3 57.0 4079 41 3.66 33.83 0.69
14 Al412 62.7 60.0 913 24 2.28 33.97 3.66
E 15 Y2A5 62.5 61.1 335 29 211 34.11 3.00
16 Y5A5 62.4 60.9 90 30 177 34.15 2.10

samples with and without microwave treatment revealed thastations within each of these five groups are quite similar to

microwaving of the acidified samples managed to quantita-each other, but that each group is quite distinct from the other

tively liberate the Fe from iron-organic complexes strongerfour groups.

than those between iron and the iminodiacetate functional When the Fe concentrations from all sampling depths at

group of Chelex-100. These results indicate that all DFe washe 16 stations are plotted against the water density, it can be

guantitatively pre-concentrated by Chelex-100. seen that the highest concentrations of both DFe and TaLFe
are found in waters with high sigma-theta values, and that
the lowest Fe concentrations are found in low-density waters

3 Results of Drake Passage (Fig. 3). The stations with the highest con-
centrations of DFe and TaLFe, were the near-shore stations
3.1 Iron concentrations in the upper water column 14-16 (group E), which differed in terms of the iron concen-

tration vs. water density from the other stations (enclosed
Data for the 16 stations shown in Fig. 1b are listed in Ta-by circles in Fig. 3a, b). With exception of the inshore data,
ble 2. The stations have been divided into five groups (A tothe TaLFe/DFe ratio varied from4 in low salinity waters to
E). The stations located in the southern portion of Bransfield™~15 in high salinity waters. The ratio for the three inshore
Strait (group A, stations 1-4) were the coldest, most salinestations (group E) ranged froml2 to 63, with a mean of 45.
and had relatively low chi concentrations. Group B sta- Profiles of DFe and TaLFe concentrations with depth (0 to
tions (5-7), which were in deep waters of Bransfield Strait200 m) for all stations in each of the five groups are shown in
but close to the shelf break, had higher shdoncentrations  Fig. 4, together with profiles of water density (0 to 400 m).
of >1.0mgnT3. The deep offshore stations (group D, sta- At all these stations DFe concentrations were lowest in or
tions 10-13) have the highest surface temperatures, lowesdightly below the UML depth, with concentrations increas-
salinity values, and lowest clalconcentrations. Highest chl- ing at greater depths. Concentrations of TaLFe did not dis-
a concentrations were recorded at the three inshore stationglay any consistent pattern with depth.
of group E (stations 14-16) and the two stations in the in- When the averages for temperature, ehhitrate, phos-
shore survey, which were in deep water, but very close tophate, DFe, and TaLFe in the UML at the 16 stations are
the shelf break (group C, stations 8 and 9). The water colplotted against salinity (Fig. 5), the data for individual sta-
umn characteristics of these 16 stations, which are shown itions within each group (see Table 2) are fairly close together,
the Temperature/Salinity diagrams in Fig. 2, show that thewith each grouping generally separated from the other four

www.biogeosciences.net/7/11/2010/ Biogeosciences, 25.2010
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T S s H HE T orescence and light attenuation at six stations in the coastal
survey - the three outermost stations and the three closest to
shore (Fig. 6). All six stations had high in situ chlflu-
orescence in the upper 50m but no detectable in sitw chl-
fluorescence below 200 m. The transmissometer data, how-
ever, showed that at the three outermost stations the beam
attenuation values decreased rapidly between 50 to 100 m,
remained low from 100 to 200 m, and then decreased to very
; ) ; ; ) low and constant values down to 350 m depth. In contrast,
2 A S, EE N | S S, S S the beam attenuation values for the three stations close to
A Ty shore remained high between 100 and 300 m depth. Data
S in Holm-Hansen and Hewes (2004) show profiles of various

Temperature,®
o

27.2
276
280
27.2
276
28.0

sensor and other data of 14-years of study in the AMLR sur-

%.3— 2 1 vey area. This includes transmissometer data, which on av-
% erage, is high in the upper 100m and generally decays to
3 background values by 200 m, and corresponds with both flu-
£ 0y orometric voltages and Chl concentrations. These patterns
o were generally observed during the AMLR survey of 2006.
N - o 1 [ For all stations in Fig. 6, chl fluorescence negatively corre-
22— T sponded with transmission volts in the upper 50-100 m, in-
336 340 344 348 336 340 344 348 dicating that light attenuation was correlated with ahden-

Salinity Salinity centration. It was only below 100—200 m that there was not a

. S ) correspondence between near shore and off shore profiles of
Fig. 2. Temperature/Salinity diagrams for the 16 stations where Wa-transmissometer and fluorometer voltages. The probability
ter samples were obtained for determination of Fe (:oncentrationsthat change in the electronic signal occurred just for the three
Note that CTD profiles were obtained from the surface to 750 m, hallow stations and onlv below 100—200 m is extremely un-
or to within ~10 m of the bottom at the shallower stations (bottom S a . y . . . y

likely. As this high attenuation of light deep in the water col-

depths are given in Table 2). For station locations, see Figiap. .
group A stations (#1 to 4)p), group D stations (#10—13) with light UMn at the three near shore stations between 100 and 300m

lines, and group C Stations (#8-9) with dark lingsy; group B sta- ~ depth can not be attributed to ahlabsorption, it is most
tions (#5-7);(d), group E stations (#14-16). The thin dotted lines likely to have been caused by re-suspended particulate mate-
show isopycnal intervals (sigma-q) in temperature/salinity space. rial from bottom sediments.

3.2 Co-variation between DFe and TaLFe concentra-
groups. The stations in group A (southern part of the Brans- tions
field Strait) had the lowest temperature (Fig. 5a), low «hl- ] o )
values (Fig. 5b), highest nitrate and phosphate concentrationgoncentrations of TaLFe, which include Fe from the partic-
(Fig. 5¢, d) and highest DFe and TaLFe concentrations (ex!/late fraction, increase more rapidly than concentrations of
cept for the three shallow stations of group E; Fig. 5e, f). DFe with increasing water density (Fig. 3). The relationship

The Drake Passage stations (group D) exhibited the highedt€tween these two phases of Fe is shown in Fig. 7. Con-
temperature and the lowest concentrations ofaghhacro- centrations of DFe tended to level offafl.5 nM. The ratios

nutrient, DFe, and TaLFe. Again group E was different, of TaLFe/DFe decrease from60 in shallow waters (90 m)

with the highest concentrations of both DFel(0nM) and  ¢lose to shore to-9.4 in deep water (1200m) 50km from
TaLFe (2.0 nM) in combination with high chi-concentra- ~ Shore (Fig. 8).
tion (>2.0mgnT3). chl concentrations exhibited a uni-
modal relationship with salinity with the maximum concen-
trations~34 (Fig. 5b).

From the data in Figs. 3 and 5 it is seen that stations i
group E had the highest DFe and TalLFe concentrations b

the salinity values at these stations were lov84.1) as COM-  yeen stations in Bransfield Strait (dark symbols in Fig. 9)

pared to the average salinity ©84.3 for stations in group A \yhere concentrations of DFe are relatively high as compared

As these were relatively shallow coastal stations, it is likely ¢ the off shore stations (open symbols in Fig. 9) where DFe
that the high Fe values were due to runoff from the land or g centrations are generally low.

release of Fe during re-suspension of bottom sediments. Ev-
idence for re-suspension of bottom sediments influencing Fe
concentrations was found from profiles of in situ ehftu-

3.3 Co-variation between Fe and macro-nutrients

Concentrations of DFe and nitrate (Fig. 9a) and phosphate
"(Fig. 9b) covaried. The change in concentrations of nitrate
nd phosphate relative to that of DFe, however, differed be-
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4 Discussion Fig. 7. Relation of dissolved Fe to total acid leachable Fe. The

lower, dark regression line utilizes data from all stations. The upper,
4.1 Fe concentrations in relation to hydrography and dashed regression line utilizes data from only the coastal survey

surface water flow stations (+, station #8-9, 15-16).

In order to interpret iron concentrations from the 16 stations

in relation to the hydrography of the South Shetland Islandserly direction between the Powell Basin and Joinville island.
it is useful to understand the general circulation for surfaceThe drifter tracks in Bransfield Strait (black tracks) show ed-
waters in the AMLR survey area. The complexity of sur- dies to the south of King George Island (the center of the
face water flow in this area is illustrated by Lagrangian drifter eddy is over deep water of the central basin, and close to
tracks (Fig. 10a). Bottom topography such as the Shackletotthe location of station #7), a smaller one~a5.5 W, and a
Transverse Ridge and the continental shelf break strongly intarger one over shallow water close to°3 (the center of
fluence the flow of surface water. The drifters were oftenthe eddy is close to the location of Station #1). These drifter
concentrated in fast moving jets, such as the one flowing intracks can be used to generalize surface water flow patterns
a northeasterly direction along the shelf break to the south ofn our study area (Fig. 10b). It is seen that the surface wa-
the South Shetland Islands and the jet flowing in a northwestters in Bransfield Strait originate both from the shelf regions
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3 Ty =217 3260 T 120 tions (#14-16) with very high DFe concentrations, our high-
1 R?=0.87 @ 601 = i est DFe concentrations were found at these stations (#1-4)
25+ A S 40 1100 in the southern Bransfield Strait. As indicated in Fig. 10b,
£ 20 i i the Fe-rich waters in the southwestern portion of Bransfield
ol \ 2 o 10 80 Strait mix with low-Fe waters from the Drake Passage as
s e ptance e s || = pointed out by Hewes et al. (2008, 2009) and then flow in
< 15+ ° 160 & a northeasterly direction to include the sampling area for sta-
i i L tion #5-7. Part of this northeasterly flow of water turns to the
Q s . wosd 40 1 north around King George Island and then in a southwesterly
. y '22‘_659 T direction where stations #8 and 9 are located. The DFe con-
05 - - R =0.79 120 centrations at these stations (#5-9) are intermediate between
' r the high Fe concentrations of the Weddell Sea and the low Fe
0 } } } - } 0 concentrations in the Drake Passage stations (#10-13). Our

DFe data for the Bransfield Strait and the coastal zones are
lower than some of the values cited above. This is probably
Distance from shore, km because of consumption by phytoplankton that had attained
exceptionally high biomass during 2006. In the South Shet-
Fig. 8. Concentrations of Fe used to estimate scale lengths for disland Islands area, highest ahltoncentrations occur at salin-
solved and total acid leachable Fe. Exponential regressions werties 34.0t1 (see Fig. 5b; Hewes et al., 2008, 2009), with
used to fit to data (curved lines) from four coastal stations (#8-9,2006 having a mean UML maximum of 4.0 mg chim=3
15-16) to determine the scale lengths for DEe dashed line) and  for this salinity range, compared with an 18-year mean of
TaLFe 6, solid line). Equations for eqch regression are shown.q 3 mg chla m—3 (see Table 4 in Hewes et al., 2009). In ad-
Only surface values{50 m) were used in these regressions. The wition Reiss et al. (2009) show that in the large sub-area of
;nhs(;erteshows the variation of TaLFe: DFe ratios with distance fromthe historical AMLR surveys surrounding Elephant Island,
' 2006 corresponded (their Fig. 7) with the highest UML chl-
a as well as lowest silicate and nitrate concentrations of the
of the Weddell Sea to the south as well as from the Pow-18-year AMLR time series.
ell Basin region of the Weddell Sea (von Gyldenfeldt et al., High TaLFe in the near-shore and shallow zones and rel-
2002). This outflow from the cyclonic Weddell Sea gyre be- atively high values in Bransfield Strait indicate that much
comes enriched in sediment-derived Fe during flow over theof the TaLFe contained in the particulate fraction originates
shallow shelf regions of the Weddell Sea and the Antarcticfrom coastal sediments. Concentrations of DFe had an upper
Peninsula before trifurcating, with part flowing toward the limit of ~2.5nM (Fig. 7), despite the increasing concentra-
southwest over the northern shelf regions of the Antarctictions of TaLFe. Upper limits of DFe in seawater are chem-
Peninsula, another part flowing to the northwest in the direc-cally controlled by solubility of iron particles including ad-
tion of Elephant island which forms an anti-cyclonic eddy sorption/desorption of the DFe onto particles, the complex-
in Bransfield Strait, and the third part flowing north and then ation of iron with strong and weak organic ligands (Boye et
northeast. In the southern region of Bransfield Strait the coldal., 2005; Croot et al., 2004), formation of organic and inor-
high salinity and Fe-enriched waters from the Weddell Seaganic iron-colloids £0.2 um) and involvement of other bi-
mix with the warmer and fresher waters originating from the ological processes (Barbeau et al., 1996; Tovar-Sanchez et
Drake Passage and the Bellingshausen Sea that then flows &b., 2007; Sato et al., 2007; Frew et al., 2006). The con-
the northeast as described by Zhou et al. (2006). centrations of DFe in our study are well correlated with the
The Fe concentrations in our study area (Fig. 5e, f) reflecttoncentration of TaLFe (Fig. 7), but when waters are trans-
the general water flow patterns (Fig. 10b) when the Fe conported off shore much of the TaLFe apparently settles out
centrations in the two major source waters (Drake Passagef the euphotic zone fairly rapidly as compared to the DFe
and Weddell Sea waters) for this area are considered. Drakiaction. The ratio of TaLFe/DFe thus varies in relation to
Passage waters have low DFe concentration8.16 nM; distance from shore and depth of the water column. The
Martin et al., 1990), in contrast to the higher Fe waters ofmean TaLFe/DFe ratio at the near-shore Stations (#14-16)
the Weddell Sea (0.24 to 5.6 nM; Westerland dbkiman, was~60 (mean water depth 446 m), at Stations (#1-4) in
1991). Near-shore and shallow stations in the Weddell Sedhe southern portions of Bransfield Strait the mean ratio was
have much higher Fe concentrations (4.5 to 50nM) as re21 (mean depth 389 m), while at the deep Stations (#5-13)
ported by Saudo-Wilhelmy et al. (2002) and de Baar and de the mean ratio was 4.3 (mean water depth 2563 m). With
Jong (2001). The surface water flow patterns (Fig. 10b) showonly TaLFe and DFe values, it is impossible to understand
that the Fe-rich shelf waters of the Weddell Sea flow into thethe details of these mechanisms that control the upper lim-
southern portions of Bransfield Strait where stations #1—4 aréts of the dissolved Fe. However, the logarithmic correla-
located. With the exception of the three shallow coastal stations between TaLFe and DFe (DFe=0131(TaLFe)+0.34
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Fig. 9. Relationships between DFe and macronutrients at the nine stations where nutrient concentrations were de@yDFedersus

NOg3, (b) DFe vs. PQ. Data from Drake Passage stations (#10, 12, 13) and station 7 are shown as open symbols and data from Bransfield
Strait stations (#1-2, 4—6) are shown with closed symbols. Linear regressions, with equations, are shown for both zones. Station numbers
are shown in the column to the right.

r2=0.78 for all data, and DFe=0.4%(TaLFe)+0.012=0.84  which were perpendicular to the coastal currents to the north-
for coastal survey area) in our data imply that when the inputwest of Livingston Island (see Fig. 1b and 10b). As an indi-

of particles is high, loss of DFe due to abiotic particle scav-cator of the degree of horizontal transport of iron from coast
enging might be more effective than the release of dissolvedo open ocean, “scale length” (SL) is defined as “the distance
iron from re-suspended particles. In fact, there are some inever which concentrations drop to 1/e (1:2.72=0.37) of the
direct indications of intense near-shore removal processes fdnitial Fe concentration” at the shore (Johnson et al., 1997).

dissolved iron (Bucciarelli et al., 2001). We estimated SL for DFe ($re) and TaLFe (Sky re) by
plotting DFe and TalLFe from coastal survey stations ver-
4.2 Scale lengths of Fe transport sus distance from shoreline (Fig. 8). Surface dataQ m)

were fit with exponential regressions, withSge and Sl F
Itis possible that soluble/bioavailable Fe can be leached fronfound as 25 and 12km, respectively. These values indi-
suspended TalLFe fractions of particulate Fe during lateratate that neither dissolved nor particulate iron penetrate far
onshore-offshore transport. The relatively high values ofinto open ocean in the latitudinal/meridional direction when
TaLFe in the surface waters of the northern section of thethe main current is parallel to the coast. Our estimate of
Bransfield Strait (ranged from 2 to 15 nM) indicate that trans- S|y (25 km) is identical to the Shre found by Planquette
port of particulate iron from both sediment and coastal sys-et al. (2007) and is comparable to theggk (16 km) found
tems is effective. Frew et al. (2006) showed that lithogenicby Johnson et al. (1997) for Monterey Bay. However, much
iron is first transformed into biogenic iron in the euphotic higher values for Spre Were estimated for near-shore wa-
zone, then re-solubilized below the euphotic zone where it isers off the Kerguelen Islands (151 km; Bucciarelli et al.,
quickly and effectively scavenged by settling particles. The2001) and near the Galapagos Islands (103 km; Gordon et
distance that iron can be transported from a coastal systeral., 1998). These differences were attributed to different wa-
to the open ocean also depends on the current systems ter circulation patterns in those coastal systems and the dif-
the particular area. Iron transport could be effective in aference between the respective surface areas of the islands
downstream current from a shallow coastal system to thgPlanquette et al., 2007). Geochemical characteristic of the
open ocean (e.g., the northeasterly flow of coastal waters owource area, type of continental shelf and margin, and differ-
of Bransfield Strait into the Scotia Sea). In contrast, whenences in the biological processes might also play some role.
the main current flows parallel to the shelf, export from the
coastal system into the open ocean would be less effective4.3 Cellular quotas of iron and carbon, and estimation
Previous studies in our sampling area also demonstrated that  of iron supply
lateral transport in transects from the coast to Drake Passage
(perpendicular to the main currents) was not as efficient aBio-available Fe input into the Antarctic Peninsula-
that in the Bransfield Strait-Elephant Island sections (Du-Bransfield Strait region is important for supporting high rates
laiova et al., 2009). To estimate how effective the coastal in-of primary production in the South Shetlands Islands area as
puts are for long-range bio-available iron transport, includingwell as in the western Scotia Sea (see Fig. 1). It is of interest
northward transport by the slower meridional flow (Cassar etto obtain some idea of the mean cellular iron quota (Fe:C)
al., 2008), we calculated “scale length” of the DFe and TaLFefor the phytoplankton community to compare with other re-
concentrations from the coastal survey data in two transectgions. Crude estimates of cellular iron quota can be obtained
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by proxy from Redfield ratios as done by Sunda and Hunts-
man (1995), who assumed that the slopes of regressions of
iron vs. phosphate concentrations with depth provide an in-
dicator of cellular Fe:P ratios. Similarly we assumed that
concentrations in the pycnocline represented winter surface
values, and derived drawdown ratios for Fe andsN§uch

that:

AFe/ANO3z = (DFepycnocline_ DFeymL)/
(NOs pycnocline— NOzumL)» (1)

where DFgycnocline NOszpycnocline are mean pycnocline
values, and DRgy_.and NGQumL are mean concentra-
: tions for the UML. For the pycnocline, mean DFe, and
. : NOs concentrations were-1 nM and 30.5 uM respectively,
Longitude (W) and concentrations for the UML of DFe and Bl@vere
~0.5nM and~27 uM, respectively. For Bransfield Strait,

Latitude (S)

59° : : AFe:ANO3=0.17 nmol:pmol being the same as the slope of
| Low Iron ‘ f‘) S b the regression between DFe and Nfor all data (Fig. 9a).
60° . (\’4\ \)} Similarly, AFe:ANO3=0.05 nmol:umol for Drake Passage,
7 / ('—k\\)) / also close to the slope of 0.04 from regression between
=T Z_,\_, J B DFe and NQ for all data (Fig. 9a). Redfield ratios pro-
61°

Lok 7 V”f:*.\ﬂ. /' I vide Fe:C=6&-3 pmol:mol in the Drake Passage water and
e ;ﬂ(w\f C}/)- %%\ oD 2647 umol:mol in Bransfield Strait when C:N=6.6 mol:mol.

' gl 2y I Similarly, from the slope of DFe vs. P (Fig. 9b) we estimate

$ 5 A/‘/?ﬂ&*\v g;f( y p (Fig. 9b)

Latitude (South)
o
N

Fe:C=5.23 and 17.Z4 umol:mol in the Drake Passage and
Bransfield Strait, respectively, when C:P=106 mol:mol.
For Bransfield Strait average P concentrations were
& i Lo~ ‘ _ ~2.1uM and~1.9puM for the pycnocline and the UML,
63° 61° 59° 57° 55° 53° respectively. For the Drake Passage average P concen-
Longitude (West) trations were~1.9uM and~1.6 uM for the pycnocline
and the UML, respectively. By using similar equation as

Fig. 10. Location of the 16 stations where Fe concentrations wereEq' (1) for T AFeléP are e?tllrgated_to k()je h&ﬂj I?nd
determined in relation to water flow patterns in the Drake Pa\ssr:\geQ'Gio'2 nmol:pmol, for Bransfield Strait and the Drake Pas-

Antarctic Peninsula area(a), Drifter tracks (in red, yellow, and ~S@de, respectively. Redfield ratios (C:P=106 mol:mol) pro-
black) showing the complexity of surface water flow. Green areasvide Fe:C=6:3 umol:mol in the Drake Passage water and
indicate increasing depth of the shelf regions, with the darkest gree@447 umol:mol in Bransfield Strait when which are also
representing 2000 m depth. The small red and black circles indicatelose to Fe:C estimations based on the slope of the regres-
the location where each drifter was deployed. The drifter trackssion between DFe and P (Fig. 9b). Such estimates are very
in black illustrate the presence of eddies in Bransfield Strait. Therough, not taking into account different flow and dilution
drifter tracks in yellow show the effect of the Shackleton Transverse,gtes of various isopycnals that upwell and downwell in the

Ridge in steering water flow through the deep channel between th%\rea (Hewes et al., 2008) and would lead to different res-
Ridge and Elephant Island, and the gyre-like tracks of the drifters. ; X . i
to the east of the Ridge and north of Elephant Islafi). Map of idence times of Fe, P, and N in both the UML and pyc

the sampling area showing generalized pattern of surface currentQOC“ne' as well as, different regeneration rates of Fe and

based on drifter track data, hydrographic data, and published Wa[nacronutnent through grazing proces-ses (Frew et ?I" 2006).
ter flow patterns. Figure has been modified from Fig. 1 in HewesHowever, such values do compare with those obtained from
et al. (2009), but with more detail regarding water circulation. The The Southern Ocean Iron Experiment (SOFeX) for Fe:C of
darkest areas are islands and the northern tip of the Antarctic Penin=10 pmol:mol under Fe-stress andtO umol:mol with Fe-
sula. The lighter grey areas are bounded by the 500 m depth contouenrichment (Twining et al., 2004). Variation in published cel-
The light continuous line is the 2000 m isobath. The topographicallular Fe:C ratio is large depending on the method used to ob-
features (just to the west of stations 12 and 13) in the Drake Passaggiin it and locations (Boyd et al., 2007 and reference therein).
are part of the Shackleton Transverse Ridge, portions of which argn the Southern Ocean, the published Fe:C ratio varies about
<1000 m in depth. The stars show the locations of the 16 stations_g 15 ~.50 pmol:mol and can increasel00 pmol:mol by ar-

where Fe concentrations were determined. For identification of thetificial Fe enrichment experiments (Boyd et al., 2007)
land and sea areas refer to Fig. 1. Y ’
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The iron demand of phytoplankton can be estimated fromchl-a levels over the northern and southern continental shelf
Fe:C and primary productivity. Total primary production can regions of the South Shetland Islands which includes Ele-

be estimated (Holm-Hansen and Mitchell, 1991) as: phant Island (Fig. 1). Phytoplankton biomass (and hence
_ P 5 chl-a levels) are known to be Fe-limited in Drake Passage

mg carbon fixed m* d”* = 0.32- (mg chl-am™) waters (Martin et al., 1990; Helbling et al., 1991; Hopkinson
-(Einstein m2 day™1) (2)  etal., 2007). In contrast, deep surface mixing probably lim-

] . ) its phytoplankton biomass in high saline Weddell waters due
with chl-a integrated through the euphotic zone. Mean g |ignt limitation in the deep UML (Hewes et al., 2008; see
incident PAR during the 2006 survey was obtained from Fig. 5b). High chla concentrationsx1.0 mgnt3) around
direct measurements of cosine PAR taken aboard shipje South Shetland Islands continues as a band toward the
with daylight (028:(2_24:00(3'\/”—) hours only considered \ortheast over the deep waters of the central portion of the
(38.1Einsteinm=d™), and euphotic zone estimated di- gcotia Sea (see Fig. 1a) and stretches46° W, just to the
rectly from daytime stations. Mean rates of daily primary soythwest of South Georgia. Much of this rich ehtegion
production for Drake Pasiallge and Bransfield Strait wergp, the Scotia Sea lies in ACC waters to the north of the South-
estimated at 278mg Cmid _1(W'th mean euphotic depth oy Extent of Antarctic Circumpolar Current sequence waters
of 54m) and 600 mgCrT‘?_d (mean euphotic depth of (sEACC), with the rest of it lying in the mixing zone be-
35m), respectively. Despite the fact that this estimate ofyyeen the SEACC and the Northern Extent of Weddell Sea
primary production may have some degree of uncertaintysequence waters as described by Whitworth et al. (1994).
it is still useful to estimate the range of the iron demand  gjnce no Fe data are available for this region of the Sco-
in the region. Total primary productivity was factored by {j5 Sea, the high phytoplankton biomass in the central por-
0.15 (Drake Passage) and 0.22 (Bransfield Strait) to obtaigiony of the Scotia Sea can only be speculated as the result
amounts of “new” primary production (factor values based of natural Fe fertilization from the peninsular area. The ma-
on rates of nutrient regeneration \{vhere the f—valyes averjor sources of waters in the Scotia Sea are (i) ACC waters
aged~0.15 in Drake passage stations and 0.22 in Branst|owing through Drake Passage, (i) waters from Bransfield
field straits as reported bydRner et al. (1983) and Koike = girajt and the shelf regions of the SSI, and (i) Weddell Sea
et al. (1986). Hence, mean daily rates of new primary pro-yaters flowing directly into the Scotia Sea. Surface waters
duction at the Drake Passage and Bransfield stations woulds ine AcC just to the west of Drake Passage have low con-
be 42 and 132mgCnfd~* (3.5 and 11mmolCm?d™"),  centrations of both DFe<0.2nM) and TaLFe €0.50 nM)

respectjvely. ~ as reported by de Baar and de Jong (2001). These values
The integrated Fe demand can be calculated by usingye slightly lower than we found in the ACC waters (see
Eq. (2) Fig. 5e, f), and are concentrations not capable of supporting
the high chla concentrations (Martin et al., 1990; Helblin
Fesemand= NeWPR (Fe: C)cellular 3) g ° ( 9

etal., 1991; Hopkinson et al., 2007) such as observed for the
and cellular Fe:C estimated to bes and~26 pmol mot! Scotia Sea. In contrast to ACC waters, the waters of Brans-

for Drake passage and Bransfield Strait zones, respectively.field Strait and the shelf regions of the SSI (Fig. Sfitdo-

For the euphotic zone in Drake Passage and BransfieldVilnelmy etal., 2002; Hewes et al., 2008) have much higher
Strait stations, the rough estimate of the integrated Fe deconcentrations of both DFe and Tal Fe.
mand is~21 and~286 nmol nT2d~1, respectively. The Fe The concept that natural phytoplankton assemblages are
demand in Bransfield Strait is apparenthi0 time higher Fe-limited in ACC waters but not in Bransfield Strait wa-
than that of Drake Passage. Calculated lateral DFe supt€'s is supported by the. Fe-addition experiments o_f Helbling
ply based on F&f®Ra ratios in the Elephant island zone €t @l- (1991) and Hopkinson et al. (2007). The high «hl-
(i.e. the northeast region of Bransfield Strait) was aroundr€gions in Fig. 1a suggest that the northeasterly flow of Fe-
1800 nmolnt2d-1 (Dulaliova et al., 2009), This value is enriched waters from the Peninsular region may be responsi-
beyond the estimated value of the integrated Fe demand dyle for the high chla concentrations in the central portion of
~286 nmolnT2d-! in Bransfield Strait. This estimation the Scotia Sea. Although the southern regions of the Sco-
suggests that lateral supply of DFe should be more thardia sea close. to the Scotia Ridge are eprlched in Fe from
enough to support the observed primary productivity in thesediment-derived Fe from the South Scotia Ridge (de Baar et

northeast region of Bransfield Strait. al., 1990), as well as from Fe-enriched Weddell Sea waters

flowing north through the deep Philip Passage to the west of

4.4 Sources of Fe to support high phytoplankton the South Orkney Islands (Foster and Middleton, 1984), con-
biomass in the Scotia Sea centrations of chk indicate that such Fe-enriched waters do

not extend very far north into the central Scotia Sea (Biggs
Satellite imagery of chi concentrations during austral sum- et al., 1982). Water from the Weddell Sea also flows north in
mer show that both Drake Passage and Weddell Sea watethe deep passages of the Scotia Ridge to the east of the South
have very low chle concentrations, in contrast to the high Orkney Islands (Heywood et al., 2004), but this abyssal flow
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of Weddell Sea water into the Scotia Sea apparently has n@&lain, S., Sarthou, G., and Laan, P.: Distribution of dissolved iron

surface expression.
Our results with the circulation patterns provide evidence
for natural iron enrichments in the region and allow us to sug-

during the natural iron fertilization experiment KEOPS (Kergue-
len Plateau, Southern Ocean), Deep Sea Res. Il, 55, 594605,
doi:10.1016/j.dsr2.2007.12.028, 2008.

gest that northeastward horizontal advection from the Soutf0Ye: M., Nishioka, J., Croot, P. L., Laan, P., Timmermans, K. R.,

Shetland Islands-Antarctic Peninsula coastal system carries

necessary iron to support the relatively high rates of pri-

and de Baar, H. J. W.: Major deviations of iron complexation dur-

ing 22 days of a mesoscale iron enrichment in the open Southern
Ocean, Mar. Chem., 96, 257-271, 2005.

mary production known from the central regions of the Sco-Boyd P.W. and Law. C. S The Southern Ocean Iron RElease
tia Sea. In order to create a complete iron balance, future gyperiment (SOIREE) — introduction and summary, Deep-Sea
studies must consider testing and comparison of other pos- Res. I, 48, 2425-2438, 2001.

sible sources of Fe enrichment in surface waters of the ScoBoyd, P. W., Jickells, T., Law, C. S., Blain, S., Boyle, E. A., Bues-

tia Sea, which include (i) upwelling phenomena associated
with the various frontal systems in the Scotia Seasther

et al., 1997; Holm-Hansen et al., 2004), (ii) eddy formation
which involves both downwelling and upwelling processes
(Kahru et al., 2007), (iii) isopycnal mixing south of the Polar
Front (Pollard et al., 2006), (iv) upwelling of isopycnals over
shallow topographical features (Sullivan et al., 1993; Holm-
Hansen et al., 2005), and (iv) aeolian input (Gao et al., 2003).
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