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Abstract. Total dissolvable iron (TDFe) was measured in the which is 4-fold lower than the previously estimated value in
water column above and in the surrounding of the Kergue-this area but still 18-fold higher than the one estimated dur-
len Plateau (Indian sector of the Southern Ocean) during théng the other study of a natural iron fertilisation experiment,
KErguelen Ocean Plateau compared Study (KEOPS) cruiseCROZEX.

TDFe concentrations ranged from 0.90 to 65.6 nmdiL
above the plateau and from 0.34 to 2.23 nmot Loff-
shore of the plateau. Station C1 located south of the1
plateau, near Heard Island, exhibited very high values (329—-

770 nmol L™%). Apparent particulate iron (&g, calculated  |ron (Fe) is essential for the growth of marine phytoplankton
as the difference between the TDFe and the dissolved IroRsSunda, 1989), and plays an important role in biochemical re-
measured on board (DFe) represented 3% of the TDFe  actions such as photosynthesis and nitrate reduction (Rueter
above the plateau, suggesting that particles and refractoryng ades, 1987; Kutska et al., 2002). Artificial and natural
colloids largely dominated the iron pool. This paper presentsce fertilisations in High Nutrient Low Chlorophyll (HNLC)

a budget of DFe and &g, above the plateau. Lateral ad- yegions of the World's oceans have shown that iron inputs
vection of water that had been in contact with the cqntl— enhance phytoplankton growth and partly control the major
nental shelf of Heard Island seems to be the predominangiggeochemical cycles of elements important for Earth’s cli-
source of Fgypand DFe above the plateau, with a supply of mate (Boyd et al., 2000; Coale et al., 2004; Blain et al., 2007;
9.7+3.6x 196 and 8.3:11.6x10° mol d*, respectively. The  pojjard et al., 2009). However, many uncertainties exist fol-
residence times of 1.7 and 48 days estimated fapf@d  |owing such fertilisation experiments, for example the carbon

DFe respectively, indicate a rapid turnover in the surface wasequestration efficiency, i.e. the amount of carbon exported to
ter. A comparison between fg and total particulate iron e deep ocean per unit iron added.

(TPFe) suggests that the total dissolved fraction is mainly Moreover, the biogeochemical cycle of iron is still not
constituted of small refractory colloids. This fraction does \ye| understood. This is partly due to its complex physico-
not seem to be a potential source of iron to the phytoplank-chemical speciation. Iron exists in different forms and the
ton in our study. Finally, when taking into account the lat- gyajlability of these forms to phytoplankton is not well es-
eral supply of dissolved iron, the seasonal carbon sequestrgzpjished (Bruland and Rue, 2001). The physical speciation
tion efficiency was estimated at 154000mol C (mofPe) s gperationally defined as the partitioning between dissolved
iron (DFe, < 0.2 um) and particulate iron (PFe,0.2 um).
Although particulate fraction may be the dominant pool of

Correspondence td5. Sarthou total iron in the water column (de Baar and de Jong, 2001),
BY (geraldine.sarthou@univ-brest.fr) the majority of the studies had focused on the dissolved phase
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which is thought to be a proxy for the bioavailable form mean currents directly measured by one-year-long current
(Frew et al., 2006; Morel et al., 2008). Exchanges betweermeter moorings at 2 stations (located above the plateau at
the different physical pools of iron take place in seawater, and0.2 S/72.3 E and 49.8S/73.0 E), as well as by repeated
an understanding of the distribution of iron in those pools, asLADCP measurements at A3 and C11. A transport of iron
well as of the fluxes between them is needed to better confrom Heard Island to the plateau should thus be possible.
strain the iron cycle in the ocean (Frew et al., 2006). Only a The present work focuses on the distribution of TDFe
few studies have shown that part of the particulate iron mayabove the Kerguelen plateau and in the surrounding waters,
be used by phytoplankton (Johnson et al., 2001; Maldonad@nd uses this parameter as an additional tracer to better con-
etal., 2001). Small-particles below the defined colloidal sizestrain the Fe cycle in a naturally fertilised area. A budget
range (0.02-0.2pum; Wu et al., 2001), and included in theof DFe and Fgyp for the region located above the plateau is
dissolved phase, have also been considered to be a posgiresented and the fluxes exchanged between these two pools
ble bioavailable form of iron to phytoplankton although less are calculated.
available than the truly soluble iron (Wu et al., 2001).

Acidified unfiltered samples allow the determination of to- ,
tal dissolvable iron (TDFe). That fraction represents the sum? Material and methods
of the dissolved iron (i.e. the labile dissolved iron which is
the fraction that is released after a few days of acidification)

plus the refractory colloidal iron (i.e., thqt ll‘r.acti_on that dis- During the KEOPS cruise (18 January to 13 February 2005),
solved after more than a few days of acidification) plus the,ee transects were studied (A, B and C). Seven stations lo-

fraction of particulate material that dissolves during extended. g above the Kerguelen plateau (A3, B1, B3, B5, B7, C1

(>6 months) acid storage (iron adsorbed on lithogenic or bio- 4 C5: water depth from 150 to 607 m) and two stations lo-

genic particles, contained within biogenic particles and labile 4404 outside the plateau (B11, C11; water depB900 m)
lithogenic particulgte iron) (de. Baar et al., 19996§|cher were sampled for TDFe (unfiltered samples) (Fig. 1).
et al., 1997; Bowie and Sedwick, 2004). In the literature, ~ the hydrology and the circulation around and above the
the set of TDFe observations is much smaller than that Ofergelen Plateau have been described by Park et al. (2008a,
DFe. Studies of TDFe can however give important informa-y “griefly the Kerguelen Plateau constitutes a barrier to
tion about the iron cycle, notably on the sources of iron to they, o eastward flowing Antarctic Circumpolar Current (ACC).
ocean. Indeed, lithogenic material deposited on continental ot of the ACC is deflected north of the Kerguelen Islands
shelf sediments and atmospheric dust inputs, which are thg,+ 5 remainder passes between the Kerguelen Islands and
most important Fe sources in the surface waters of the OpeR ntarctica.  Above the plateau, the remainder of the ACC
ocean, have been correlated with elevated concentrations o, mes from the western part of the plateau (see Fig. 1). Cur-
TDFe (chke_lls etal., 2005; Elrod et al., 2004; Sarthou et al.,.ants travel along the western flank of the plateau, passing
1997; Sedwick et al., 2008; Croot et al., 2004). south and east of Heard Island, before riding up above the
During the KEOPS (Kerguelen Ocean and Plateau coMyateay. South of the plateau, a branch of the Fawn Trough

pared Study) cruise, a multi-tracer approach was used @ rent (FTC) flows toward the north along the eastern flank
identify and quantify natural iron fertilisation over the ihe plateau (near stations B11 and C11).
plateau. DFe£0.2 um) was analysed on board and it repre-

sented the labile dissolved iron (i.e., soluble Fe and colloidal? 2 Sampling and analyses

Fe dissolving after a few days of acid storage). The study

of this fraction clearly demonstrated the existence of a dis-Samples were collected with acid-cleaned 12 L Go-Flo bot-
solved iron-rich reservoir above the plateau below the mixedles mounted on a Kevlar cable. All sampling was carried out
layer (Blain et al., 2007). At the date of the cruise (January—in a clean-room container. Unfiltered samples were collected
February 2005), DFe enrichment was partly due to inputsin acid-cleaned 125 mL high density polyethylene (HDPE)
from the sediment above the plateau and/or to regeneration diottles and immediately acidified with ultrapure hydrochlo-
biogenic particles. Predominant mechanisms allowing DFeric acid (HCI, Merck, 250 uL, final pH 1.7). Samples were
transport into surface waters were shown to be diapycnal difstored at room temperature and analysed 18 months later in
fusive flux and winter mixing (Blain et al., 2008). However, the shore-based laboratory (LEMAR, Brest, France), in order
other geochemical tracers have suggested that the dissolte release the most refractory Fe species into the dissolved
tion of lithogenic material transported over the plateau byform (Loscher et al., 1997; Bowie and Sedwick, 2004).
lateral advection might also be a source of iron to this region TDFe analyses were performed by flow injection analysis
(Zhang et al., 2008; van Beek et al., 2008; Jacquet et al.(FIA) with on line preconcentration and chemiluminescence
2008). Additionally, Park et al. (2008a) showed that the flow detection (Obata et al., 1993; Sarthou et al., 2003), identical
over the shallow platform in the eastern side of the plateauto the method used for DFe (Blain et al., 2008). The mean
is consistently northwestward. This feature is strongly sup-blank was equal to 0.670.07 nmol =1 (» = 9) and the de-
ported by depth-averaged (over the first 500 m depth) timetection limit equal to three times the standard deviation of the

2.1 Study area

Biogeosciences, 7, 455-468, 2010 www.hiogeosciences.net/7/455/2010/
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Fig. 1. (a) The black rectangle denotes the location of the KEOPS study area in the Southern @féacation of the stations. Black

arrows describe the general mean circulation around and above the plateau (Park et al., 2008b). Scale represents the bathymetry of the stuc
area (in m). ACC represents the Antarctic Circumpolar Current and FTC represents the Fawn Through Current. Figure prepared using Ocear
Data View (Schlitzer, 2007).

blank was 0.02:0.02 nmol -1 (n = 9). The individual con- 3 Results

tributions to the total blank from ultrapure hydrochloric acid

(MERCK), suprapure ammonia (MERCK), and ammonium Total Dissolvable Fe concentrations are reported in Table 1.
acetate buffer purified three times through a 8-HQ columnTDFe vertical profiles for the 9 stations are presented in

were determined by addition of increasing amounts of theseFig. 2. At station C1, close to Heard Island, very high values

reagents to the sample and were lower than our detectiowere observed throughout the water column (concentrations
limit. The accuracy of the method was assessed by analysinganged from 32910 to 7768 nmol L=1). This atypical sta-

the DFe standards collected during the Sampling and Analtion is discussed separately from the others.

ysis of Fe (SAFe) cruise (Johnson et al., 2007). The two TpDFe concentrations at stations located above the plateau
samples analysed (S1 and D2) gave l/alues of &DIJ09 (A3, B1, B3, B5, B7 and C5) were higher than offshore
(n=3) and 0.82:0.06 (z =3) nmol L™, respectively, for  stations (B11 and C11). Above the plateau, concentrations
the surface and the deep waters standards, which are iaried from 0.96:0.01 (B7, 80 m) to 65£1.00 nmol L2
agreement with the certified values of 0.898020 and (c5, 450m) whereas outside the plateau values ranged

0.91:0.07 nmol L%, respectively (Johnson et al., 2006).  from 0.34£0.05 (B11, 40m) to 2.280.07 nmol L (C11,
Samples for total particulate iron (TPFe) were collectedggg m).

by over-pressurising the 121 GoFlo bottles and filtering as  giations outside the plateau exhibited concentrations typi-
much of the whole sample as possible through & 0.2 UMy, of the open Southern Ocean. Our values are in the same
pore size and 47mm diameter polycarbonate membrang,, e as those measured by Sarthou et al. (1997) in the In-

Filters were acid extracted in Teflon-PFA vials (Savillex, gian sector and Sedwick et al. (1997) in the Australian sector
Minnetonka USA) in 1 mL of concentrated ultrapure ni- (see Table 2).

tric acid (HNG;, Seastar Baseline) and heated for 4h on a
Teflon-coated hot plate at 12Q, before analysis using Mag-
netic Sector Inductively Coupled Plasma-Mass Spectrometr

(F|pn|gan ELEMENT, Bremen, Qermany) (following adap- at 450 and 500 m respectively, at C5 station (bottom depth
tation of the methods reported in Cullen and Sherell 1999; } 1 .

. . 561 m); 38nmolC+ at 400 m at B3 station (bottom depth
Townsend et al., 2000; Lannuzel et al., 2010). Given that450 m). see Table 1 and Fig. 2. In the literature, such high
a mixture of strong acids (HF, HCI, HNfp was not used, ' 9. < ! 9

_ 1 i
we assume that the TPFe fraction measured here thereforvalues (38-66nmolL") were not often reported even in

represents the most leachable particulate Fe pool, probabl'ge enriched waters (see Table 2). Concentrations reaching

mostly comprised of material of biogenic origin (Lannuzel €.2 nmol -1 suggested lateral advection of iron-rich shelf
et al y2010)p 9 9 water (Sarthou et al., 1997). Values up to 12.5nmdiL

were measured south of Tasmania, supporting a sedimentary

Higher TDFe concentrations were measured at stations lo-
cated above the plateau, especially at stations located in the
%outheastern part, East of Heard Island: 66 and 41 nmbl L

www.biogeosciences.net/7/455/2010/ Biogeosciences, 7, 455-468, 2010
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Table 1. Total dissolvable iron (TDFe), apparent particulate ironggfpeand location of the sampling stations. ahgis calculated using
dissolved iron (DFe) values from Blain et al. (2008). Uncertainties on the TDFe concentrations correspond to standard deviation of triplicate
measurements of the sample measured 3 times. Uncertainties orgfpe@espond to the sum of the TDFe and DFe uncertainties. nd
represents “not determined” values.

Station Latitude Longitude Depth (m) TDFe (nmotd)  Fespp(nmolL™1)  %FeypyTDFe

A3 50.65 S 72.07E 40 1.22+0.01 0.97+ 0.02 90%
80 1.07+0.01 0.82+ 0.01 87%

120 1.73+ 0.09 nd nd

150 2.18+ 0.04 1.96+ 0.04 95%

200 2.16+0.01 1.85+0.01 91%

300 3.45+ 0.03 3.15+ 0.03 94%

350 5.09+£ 0.15 4.75£0.15 95%

400 6.484+ 0.06 nd nd

450 9.63+ 0.03 nd nd

Bl 51.8S 73.0E 40 2.72+0.04 2.64+ 0.04 97%
80 1.75+ 0.02 1.70+£ 0.02 97%

120 1.96+ 0.06 1.89+ 0.06 97%

150 2.97+ 0.04 2.90+ 0.04 98%

250 4.35+ 0.02 4.194+0.03 96%

300 5.68+ 0.06 5.51+ 0.06 97%

350 7.35£0.21 7.15+0.21 97%

B3 51.3 S 73.8E 40 2.224+0.02 2.10£0.02 95%
80 2.924+0.02 2.81+0.03 96%

120 2.60+0.14 2.52+0.14 97%

150 3.07+ 0.02 2.96+ 0.03 96%

200 2.83+£ 0.02 2.68+ 0.02 95%

300 3.97+ 0.05 3.72£ 0.06 94%

350 13.64+0.44 13.40+ 0.45 98%

400 38.10+ 1.32 37.75+1.32 99%

BS 51.¥S 7458 E 43 2.73+:0.14 nd nd
80 4.67+0.02 4.62+ 0.02 99%

93 3.79+ 0.02 nd nd

120 3.39+ 0.09 3.34£ 0.10 98%

150 2.394+0.08 2.30£ 0.08 96%

200 3.34+ 0.05 3.26+ 0.05 97%

300 4.26+0.11 4.09+0.11 96%

B7 50.9 S 75.4E 40 4.30+ 0.07 4.25+0.08 99%
80 0.90+ 0.01 0.76+ 0.02 85%

150 2.184+0.06 nd nd

200 1.59+ 0.01 1.33+ 0.02 84%

300 2.43+£ 0.02 2.12+0.03 87%

400 3.90+ 0.01 3.57+0.03 91%

450 4,93+ 0.03 4.63+0.04 94%

500 3.83£ 0.02 3.49+ 0.03 91%

B11 50.5S 770E 40 0.34+ 0.05 nd nd
150 0.43+0.02 nd nd

200 0.71+£0.01 nd nd

400 0.39+0.01 nd nd

600 0.89+ 0.02 nd nd

800 0.46+ 0.01 nd nd

1000 0.62+ 0.01 nd nd

2000 1.01£0.01 nd nd

C1 53.18 S 73.83E 20 364.44+9.10 363.66£ 9.11 100%
40 328.60+ 9.50 327.7% 9.50 100%

80 366.67+ 26.30 365.8% 26.35 100%

100 770.22£ 8.10 nd nd

120 420.08t 16.10 419.2°# 16.10 100%

Biogeosciences, 7, 455-468, 2010 www.hiogeosciences.net/7/455/2010/
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Table 1. Continued.

Station Latitude Longitude Depth (m) TDFe (nmotd)  Feypp(nmolL™1)  %FeyppTDFe

C5 5242 S 75.6 E 40 2.19+ 0.05 2.13+ 0.05 97%
80 5.024+0.03 4.95+ 0.03 99%

120 2.224+0.03 2.14£0.03 96%

150 4.10£ 0.02 4.02+ 0.02 98%

200 18.42+ 3.80 18.164+ 3.80 99%

300 17.2%4 2.40 16.99f 2.40 98%

400 15.97+ 1.50 15.60+ 1.51 98%

450 65.59+ 1.00 65.074 1.02 99%

500 51.42+ 8.00 50.84+ 8.01 99%

C11 51.68S 7773 E 40 0.97+ 0.03 0.84+ 0.03 87%
80 0.98+ 0.01 0.91+ 0.02 93%

120 1.00£ 0.01 nd nd

200 0.56+ 0.02 0.49+ 0.02 87%

400 0.53+0.01 0.47+0.01 89%

500 1.74+ 0.02 nd nd

600 2.23+£0.07 1.99+ 0.07 89%

800 1.55+0.01 1.28+0.01 82%

1000 2.02+ 0.01 1.76+ 0.01 87%

Table 2. Range of total dissolvable iron (TDFe), apparent particulate iroggfr@nd percentage of ggpin the total dissolvable fraction
in the water column for different seasons and sectors of the Southern Gag&authou et al., 1991b) Loscher et al., 1997¢) Sedwick
et al., 1997,(d) Sedwick et al., 2008), for a coastal environment in the Pacific OgediChase et al., 200%f) Johnson et al., 2001g)
Fitzwater et al., 2003) and for the Atlantic Ocedim)(Croot et al., 2004).

[Fe] (nmol L~1) on Total dissolvable  Apparent particulate %
the whole water column  Location Iron (nmott) Iron (nmol L~1) (Feapp TDFe)
Open Ocean Indian Sector, summer (this study) 0.34-2.23 0.47-1.99 83-93 (meaB) 86
Indian Sector, summer (a) 0.6-4.8
Atlantic Sector, spring (b) 0.5-8.9 0-6.86 0-97
Australian Sector, summer (c) 0.17-1.3 0.02-1.07 0-81
Fe rich waters Indian Sector, summer (this study) 0.9-65.6 0.8-65.1 82-99 (mehars)95
Indian Sector, summer (a) 6.2
Australian Sector, spring (d) 125
Monterey Bay, California, summer (e) 0.3-17.4
Monterey Bay, California, spring (f) 25 ~80
Monterey Bay, California (g) 0.80-6.57
Equatorial Atlantic (h) 0.3-6 0-5 0-80 (mean: #612)

source (Sedwick et al., 2008). Concentrations higher tharticles, the biogenic iron and the labile lithogenic particulate
10nmol L1 and 25nmol 1 were reported by Chase et iron (de Baar et al., 1999) plus the refractory colloids in-
al. (2005) and Johnson et al. (2001) respectively, in the up<luded in the dissolved fraction and that were not measured
welling system of Monterey Bay, California. The higher val- on board after a few days of acid storagesdseepresents be-
ues determined bydscher et al. (1997) in the Atlantic sector tween 82 and 99% of the TDFe (mean value:8%6) above

of the Southern Ocean are explained by the upwelling of ironthe plateau and between 83 and 93% (mean valde386)

rich Antarctic waters outside the plateau with no difference between surface and

Apparent particulate iron (gy) concentrations, calcu- deep water (see Table 1). This suggests that particles or re-

lated by subtracting DFe values measured during the cruisg"’mtory colloids Iargely_dominated the i_ron pool. Such high
(Blain et al., 2008) from TDFe, are reported in Table lafse percentages were previously observed in the open ocean and

is defined as the iron adsorbed on lithogenic or biogenic parln enriched waters but with a larger variability.dscher et

www.biogeosciences.net/7/455/2010/ Biogeosciences, 7, 455-468, 2010
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Fig. 2. Vertical profiles of total dissolvable iron (TDFe, nmotL) at C1 station (near Heard Island), above the plateau (A3, B1, B3, B5, B7
and C5) and outside the plateau (B11 and C11). Depicted are mean ¥dl&f3. Depth and concentration scales are not the same for all
the stations. For stations located above the plateau, the dashed lines represent the bottom depth.

al. (1997), Sedwick et al. (1997) and Croot et al. (2004) ob-The main objectives of this budget were to better define the
served percentages ofdpgvarying between 0 and more than geochemical cycle of Fe during the KEOPS cruise, and no-
80% in the Atlantic sector of the Southern Ocean, the Aus-tably to explore the role of the TDFe as a tracer of lithogenic
tralian sector of the Southern Ocean and the Equatorial sectanputs coming from Heard Island, a mechanisms shown for
of the Atlantic Ocean, respectively (Table 2). other tracers (REE?8Ra...) (van Beek et al., 2008; Zhang
etal., 2008) but not for Fe yet. It was also used to refine the C
sequestration efficiency. The question of the bioavailability

4 Discussion of these particles is also discussed.

The onboard study of the concentration of DFe above the 1 Budget of iron above the Kerguelen plateau

plateau highlighted the existence of a deep dissolved iron-

rich reservoir below the mixed layer (Blain et al., 2007). The 4,.1.1 Description of the model

main sources of DFe in the surface waters were identified to

be diapycnal diffusive mixing and the utilisation of the win- A two box-model including pools and fluxes of dissolved and
ter stock (Blain et al., 2008), but a comparison of iron supply particulate iron was used to determine an iron budget above
versus iron demand of phytoplankton suggested that an adhe Kerguelen plateau. A steady state was assumed to al-
ditional iron source was present, and that was possibly théow the construction of this budget. Results of the calculated
dissolution of lithogenic particles (Blain et al. 2007, 2008; fluxes will give information on the relevance of this assump-
Sarthou et al., 2008). Additionally, the study of the rare- tion. The model is illustrated in Fig. 3a. The area covered
earth elements (REE) showed that Heard Island could be &y these boxes is the surface plateau (i.e. 45 00%) kifihe
significant source of lithogenic material in the water column surface box represents the upper 150 m of the water column.
above the plateau (Zhang et al., 2008). This source is als@his depth stratum was chosen in accordance with the study
evidenced by elevatéd®Ra activities above the plateau (van of Blain et al. (2008) who observed a higher vertical gradi-
Beek et al., 2008). The lateral advection of water masses thagnt of DFe below 150 m for the stations located above the
have been in contact with the continental shelf of Heard Is-plateau. The deep box represents the depth stratum 150 m
land should thus be considered as a possible source of partie- bottom depth, with increasing depth from the incoming
ulate and dissolved iron above the plateau. In the following(325 m depth) to the exit (500 m depth) of the box in accor-
section, we focus on the g and the DFe fractions. The dance with the topography of the plateau (Park et al., 2008a).
different sources of particulate and dissolved iron above theAll the sources and sinks of dissolved and particulate iron
plateau are investigated and a budget of iron is presentedn the two boxes are listed below with the corresponding

Biogeosciences, 7, 455-468, 2010 www.hiogeosciences.net/7/455/2010/
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inflowing and outflowing fluxes. The sedimentary sourcethe transeciC or above the plateau, in the upper or deep
which could play a significant role is taken into account for boxes. These mean concentrations are reported in Table 3.
the dissolved pool but data are lacking for the particulate fluxWe assumed that the water flux transporting dissolved and
calculation. Finally, the isopycnal mixing is neglected. In- apparent particulate iron from the tranSiin the surface box
deed, Maraldi et al. (2009) studied the influence of the shortis uniform over the 500 m water column leading to the two
term (~ less than a week) lateral mixing on the phytoplank- different fluxes (Fw-[DFe]¢)1 and (Fw-[DFe]c)2 for the

ton bloom over the Kerguelen Plateau. They concluded thaDFe, and (Fw:[Feapplc)1 and (Fw-[Feapg )2 for the Fepp

the spatial pattern of the bloom was delimited by a barrier offraction (Fig. 3a). Figure 3b displays the results of the calcu-
high lateral mixing due essentially to tides, with minor con- lated stocks and fluxes.

tributions from Ekman transport, geostrophy or barotropic at-

mospheric forced currents. Mongin et al. (2008) also showed}.1.2 Budget calculation

that the effect of lateral diffusion has little effect on the over-

all carbon and iron budgets. We have therefore decided t&Atmospheric inputs

make the same assumptions for our iron budget model.

The four following equations are used to describe the vari-One of the main external sources of iron to the surface wa-
ation with time of dissolved and particulate iron in surface ters of the open ocean is aeolian dust deposition (Jickells
and deep waters. et al., 2005). During the cruise, aerosols were collected to
Jd[DFel; estimate atmospheric fluxes to the Southern Ocean, and in

-V1=A,-S+ (Fwy-[DF€elc)1+DMd+WSd (1) particular iron fluxes over the study area (Wagener et al.,

dt Fwr . (DF 1 2008). A total iron flux (dry + wet) of 229 nmolnT2d-1
—FWwi - [DFelpiateaur— was estimated. Assuming a solubility ranging from 1 to 10%
(Bonnet and Guieu, 2004; Baker and Jickells, 2006), the

d[DFel, tmospheric dissolved iron fl the K len plat
V2= (Fwy - [DF€lc)2+ (Fwa - [DFelc)2 (2)  atmospheric dissolved iron flux over the Kerguelen plateau

dt ¢ can be estimated to be 0.2-3.2 nmol%d~1 (Wagener et

+Sed; — DMd — WSd— Fw; - [DF€lpiateauz— E2 al., 2008). A mean value of 1472.1 nmoln2d-1 is con-

sidered hereafter. These fluxes are low compared to those

d[FQapp]l.Vle calculated during the Crozex and FeCycle cruises, which

dt p-S+(Fwi-[Feappl)1+DMP+EL () \yare 100 nmol m2d-1 (Planquette et al., 2007) and 7.58—
—Fwy - [Feapplplateaut— F1 75.8nmolnT2d~1, respectively, assuming a 1-10% dis-
solution of the total flux given by Boyd et al. (2005).
d[Fesppl, The particulate iron flux (90—-99% of the total flux) during
— V2= (Fwy-[Feappl )2+ (Fwz- [Feappl)2 - (4)  KEOPS was estimated to be 12.2—311.7 nmofmi—1 with
+E2+F1—DMp — Fw, - [Fespplpiateauz— F2 a mean value of 22:213.5nmolnT<d~". Over an area of

45000 kn?, the atmospheric fluxedd - S and Ap - S equal

Numbers 1 and 2 correspond to the surface and the deep lay@6.5:94.5 mol d1 and 999607 mold! for the dissolved
respectively. V" and “S” represent the box volume and the and particulate iron, respectively. Given that the other partic-
box surface. Lettersd” and “p” refer to the dissolved and ulate fluxes calculated in our budget represent apparent par-
the particulate fluxes. A” represents the atmospheric in- ticulate fluxes, this atmospheric flux may be overestimation.
puts. “Fw” represents the water flux. “Plateau” represents
the mean concentration above the plateau @idépresents  Diapycnal diffusive fluxes
the mean concentration along trans€ct“DM” represents
the inflowing flux in the surface layer coming from the di- The enrichment of DFe and kg for the stations located
apycnal mixing, “WS” refers to the winter stock. “E” cor- above the plateau (see Fig. 2) clearly indicates an input
responds to the net fluxes exchanged between dissolved araf iron from the bottom of the water column. Park et
particulate fraction. “F” refers to the particle fluxes at the al. (2008b) estimate a vertical eddy diffusivity (Kz) of
bottom of each box. 3.8+2.4x10*m?s 1 in the seasonal pycnocline (80m

To estimate lateral inflowing and outflowing fluxes of iron z <180 m) at A3 using a Thorpe scale analysis. By multiply-
in our model, we used the mean current velocity estimatedng this coefficient by the vertical gradient offzgcalculated
by Park et al. (2008b) above the plateau #4006 cms?). at this station (8.6 nmol i between 80 and 200m), a di-
The corresponding hydrological fluxes (Fw) are calculatedapycnal mixing of 283:178 nmol nT2d~1 can be estimated.
by multiplying this current by the section of the box (350 km Above the plateau, Kz was only estimated at A3 station. As-
width and 150 m depth for the upper box, 350 km width and suming that the diapycnal mixing is homogeneous over all
175m and 350 m depth for the entrance and the exit of thehe plateau area, we calculate a flux of particles (DMp) of
deep box, respectively). These water fluxes are multiplied byl2 735£8010 mol d. The vertical supply calculated for DFe
the mean dissolved or particulate iron concentrations alongat A3 is 31 nmol mr2d~1 (Blain et al., 2008). With the same
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Table 3. Mean dissolved and apparent particulate iron concentrations calculated above and below 150 m, for all the stations located above
the plateau and for the stations located along tranSect

Upper box Deep box
Feapp(nmolL™1)  DFe (nmolL™Y)  Feypp(nmolL™Y)  DFe (nmolL™1)
TranseciC* 186+39 0.44£0.03 33.74:23.17 0.410.14
Above the plateau 2.431.04 0.09:0.03 6.66:8.13 0.23:0.08

* Values in the upper box correspond to the mean of the two stations C1 and C5. Values in the deep box correspond to the mean of the single
station C5.

assumption that this mixing is homogeneous, we calculate a Using the mean current velocity estimated by Park et

dissolved flux (DMd) of 1395 molt. al. (2008b) above the plateau in the 500 m water column,
_ o the hydrological fluxes (Fw) are calculated by multiplying
Winter mixing this current by the section of the box, leading to a surface

. L _ _ water flux of 1.8%0.23x10"4Ld™t. For the deep box,
The second mechanism of fertilization mentioned by Blain, 5| es of 2.12:0 26x 104 L d-1 for the inflowing flux and

et al. (2007, 2008) for dissolved iron is the utilisation of the 4 53,0 53410141 d-1 for the outflowing flux are calcu-
winter stock above the plateau. During winter, the strongjateq |n the surface box, multiplying the water flux by the

winds allow a greater mixing of the surface waters. Thepre concentrations from the transe@t (Fwy x[DFe]c )1
thickness of the mixed layer can reach 200m. As deep wazpq (Fw-[DFe]c)2 give values of 23.84.6x10°mold!
ter contains higher concentration of iron than surface water, .4 55 g-10.8x10° mol d-1 respectively. Con-

(Blain et al., 2008), at the beginning of the spring, S“rfacecerning the Fgyp fraction, (Fw[Fexpdc)1 and

water is enriched in iron. This stock is called winter stock. (Fwy-[Feapd )2 give values of 10 1383396x10° mol d-?
To calculate the stock of iron potentially available for phyto- o4 >3 6g&7923>< 10 mold-2, respectively. In the deep
plankton growth, the thermal structure of the water columny, (Fw-[DFelc), and (FV\Q'iFeggp]C)Z give flux values

has to be known. The temperature minimum is indicative of ot g5 9140 4 and 71425797 10° mol d-1 respectively
the winter concentration (finter). The mean concentration (Fig. 3b). '

of DFe measured within the mixed layer is called the sum-

mer concentration (&mme). The winter stock utilization  sedimentary inputs

(nmolm~2d~1) is calculated using the following equation

(Cwinter-Csummed-MLD/90 where MLD represents the mean Qver the plateau, inputs of DFe in the water column from
mixed layer depth (70 m at A3) and 90 days is the duration ofthe sediment were measured during the cruise and com-
the bloom. Winter stock utilization was 52 nmotéd— for prised of a flux of 136 pmolm?d~1 (Blain et al., 2008),

the DFe (Blain et al., 2008). Assuming that this flux is ho- higher than previous fluxes calculated along the Californian
mogeneous over all the surface of the plateau, we calculate ggast (Elrod et al., 2004). This equates to a flux Sefi
winter mixing flux (WSd) of 2340 mold! for the dissolved  g120x 103 mold1, assuming it is homogeneous over the
iron. plateau.

Lateral advection 4.1.3 Dissolved and particulate budgets

Lateral advection is a potential source of dissolved and pargag,its are reported in Fig. 3b. Atmospheric deposi-
ticulate iron above the plateau. Apart from some sporadicjy, is a negligible source of Eg, above the plateau,
mesoscale intrusions (Zhang et al., 2008), the circulation, g already observed for DFe (Blain et al., 2008). Lat-
above the KEOPS study area rules out any transport of waterg, .| sqvection is the predominant source of iron above
from the Kerguelen Island to the plateau (Park et al., 2008a)the plateau, for Fgy, but also for DFe (although the un-
whereas a lateral advection from the south can be considere@ertainty in the calculation of this flux is important). A
General mean circulation above the plateau is described iFTukey test with different #” values (from 3 to 50) shows
Fig. 1. Waters that have interacted with the continental shelt the |ateral advection is always statistically different
of Heard Island can be transported onto the plateau. Thig,y 1 the atmospheric and diapycnal fluxeg € 0.001)
source is also recognised for other tracers fik8Ra (van 5 pre and Fepp The corresponding fluxes are equal
Beek et al., 2008), lithogenic Ba (Jacquet el al., 2008) anqO 9697-3640x10°mold~! (=10 138-44% 103 mold1)
rare-earth elements (Zhang etal., 2008). and 8.3:11.6x103mold~! (=23.9-15.610° mol d-1) for
Feapp and DFe, respectively. They represent 99% and 69%
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Ad*S 0.1+0.1
l Ap*S 1 1.0+ 0.6
A
DFe stock 1
150 m « Fwi*[DFe] piateaut 581 +189
Feappstockt | 121117 164027033 | 156+ 7.0
(Fw.*[DFe] ¢)1 [DFe} B — 23.9+4.6 [DFelmens - Feappiom 441+:244
_______ * lateau ateau: *
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> v o wsa | PMd 1 iy
(FurlDFe] o) DMp 55.9:108 Vomsseso |23 |-
(FwFeapplo): DFe stock 2 23656 7923 127280
. Feapp stock ZT " 2741+885
(Fw2*[DFe€] ¢)2 [DFelyeccas E_2> [Feappjace Fw*[DFe] piateauz 120619 + 147081
(Fw*[Feapp]c)z 175 m 350 m| | FW2'Feapploaeas 85.9+ 40.4 6160 + 95 98.2+ 44.0
= 7142 + 5797 [DFelpiateau; === > [Feappjiateau 2821 'i 379:
N N
Sed 43868 + 21276

6120
Fig. 3a. Dissolved and particulate iron 2-box budgets above the
Kerguelen Plateau. Numbers 1 and 2 correspond to the surface arilg. 3b. Numerical values of dissolved (in italic) and particu-
the deep layer, respectivelyv™ and “S” represent the box volume  late (in bold) iron fluxes (in 1®mold~1) and stocks (in 1¥mol).
and the box surface. Letterg™and “p” refer to the dissolved and  Stocks are obtained by multiplying the mean concentrations cal-
the particulate fluxes.A” represents the atmospheric inputs. “Fw” culated above the plateau in Fig. 3a by the volume of the boxes
represents the water flux. “Plateau” represents the mean concentrge. 75x 1012 m3 for the surface box and 1.8&1.0*3m3 for the deep
tion above the plateau and™" represents the mean concentration hox).
along transeof’. “DM” represents the inflowing flux in the surface
layer coming from the diapycnal mixing, “WS” refers to the winter
stock. “E” corresponds to the net fluxes exchanged between disprocesses responsible for the transfer of apparent particulate
solved and particulate fraction. “F” refers to the particle fluxes atjron to the dissolved iron pool are due to the dissolution and

the bottom of each box. We consider a surface layer of 150 m an¢egeneration of particulate or colloidal iron (Sarthou and Je-
a deep layer below 150 m with increasing depth from the transectandel 2001)

C to the plateau. Dissolved iron fluxes are represented with num- . . 5
bers in italic. Particulate iron fluxes are represented with numbers Using the radiotracet°Fe, the phytoplankton net Fe de-

in bold. Numbers in bold and italic are calculated from the reso-mand in the bloom (uptake minus regeneration) was equal

24-1
lution of the 4 equations describing the variation of dissolved and® 20877 nmolnT=d™" (Sarthou et al., 2008). Adsorp-
particulate iron with time. tion on phytoplankton cells and scavenging by non-living

particles represented between 20 and 37% of the total bio-
genic iron (Sarthou et al., 2008), leading to a total bio-
genic iron flux of 260-330 nmol n? d—. Assuming an area

of 45000kn?, this gives a flux varying between 1k70°

and 14.%10®mold~1. These values are close to E1
(12.1+11.7x10° mol d~1), suggesting that the dissolution of

of the total net fluxes of Fgpand DFe that enter the surface
box, respectively.

The biogenic pool of Fe of 899 pmol L~ calculated by
Sarthou et al. (2008) represents 54M° mol in our surface S
box (150 m depth, area of 45000 Rm It is only 3.3% of ~ F€ppmay not be significant.
the apparent particulate iron stock calculated in our surface 1aking into account the maximum value of the flux cal-
box (16 402 10° mol, see Fig. 3b), which suggests that the culated from the %Fe experiment (14.910° mol d
biogenic fraction is not predominant. Whatever the state of2"d the minimum value of the E1 flux (ie 12.1-

: . o ; - -1 ; : :
the bloom, this result confirms posterioriour assumption 11.7=0.410°mold™!), a maximum _dissolution  of
of a steady state. 14.5x10®mold~! can however be estimated. As the

At steady-state, left members of the Egs. (1—4) are equal t(piogenic pool represents 3.3% of the total pool (see above),

0. Values of E1, E2, F1 and F2 can be calculated by resolyiN€ maximum dissolutior; of lithogenic material is esti-
ated to 14.610°mold~1. It represents 0.14% of the

ing these 4 equations and are reported in Fig. 3b. Values of”

12.1411.7x 10° and 6166-95x 10° mol d-1 were calculated total apparent particulate flux that enters in the upper box
res.pecti\./ely for E1 and E2. (10138<10°mold-1). If we assume that all the DFe at

The positive values of E1 and E2 suggest a predomi-Cl comes from the dissolution of kg, a dissolution of

o i .
nant transport of iron from the dissolved to the apparentO'Z/o is calculated. These values are in the same range as

particulate fraction. Processes involved in such a transporghOSe calculated by Bonnet and Guieu (2004) and listed by

are biological uptake, colloidal aggregation, adsorption on ickells et gl. (2001) for the dissolution of lithogenic Fe from
phytoplankton cells and scavenging by non-living particlesatmospherIC dusts.
(through adsorption, precipitation or aggregation), whereas
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The exchange flux between the dissolved and apparen A3 station C11 station
particulate fraction in deep waters (E2) also shows a posi- [Fe] (nmol L% [Fe] (nmol L)
tive value, two orders of magnitude higher than in surface o > o SO ez s o
waters. This suggests that scavenging and/or aggregation ar 4, ;ED X ZOD%@(%
predominant in the deep waters. This could be due to the (& o wl o o Feapp
high transport of particulate material in the deep box and to ;| A0
the inputs from the sediments. w! o 0 x ©

Values of 9723-3660x10° and 4386821276<10° £ 20 gt Pl "
mol d~* were calculated for the particulate sinking fluxes F1 £ .| £ 10 ®
and F2, respectively. This budget suggests that most of the™ __ | o © 12004
particles that flow above the plateau are removed from the | % @ 1400 -
water column by sedimentation. o] X @ 1600

The calculation of F1 allows us to estimate the res- _ | 1800 |
idence time (RT) of apparent particulate iron (RT=PFe __ 2000 X

stock/downward PFe flux, Boyd et al., 2005). It is equal

to 1.7 days in surface waters. This value is lower than thafFig. 4. Vertical profiles of total particulate (crosses) and apparent
of 100 days estimated during the FeCycle experiment (Boydparticulate iron (cercles) iron at A3 (left) and C11 (right) stations.

et al.,, 2005). Residence times varying between 6 (rangéepicted are mean valuesl SD. The two triangles represented at
2-12 days) and 62 (range 21-186) days for total iron (dis-Station A3 correspond to the g concentrations calculated with
solved + particulate) were calculated in the Equatorial sectofh® dissolved samples measured at the shore-based laboratory, 18
of the Atlantic Ocean (Croot et al., 2004). The shortest res-MoNths after sampling (rgp2) (see text for more details).

idence times were associated with high particulate Fe flux.

In our budget, the high supply of kg from the weathering . . o
S : o concentrations than TPFe. Several reasons might explain this
of Heard Island, which is rapidly removed by sinking, may difference. First, for the 2 stations TPFe was sampled 10

explain the very low residence times calculated. It should be

noted here that such a dynamic system could have implicagays before TDFe and DFe. Given that the residence time of

tion for the scavenging of dissolved iron which could thus belronlgahrtl\(;les IS 1”7 %aé/svri(r:]hatf;]?es mrithde trSanSpr(])(;t ofnp;ar\]mclis
overestimated in the surface box of our budget. Additionally, C?lf[e diae:tiO(;\CUf earticlijlatg mesttpr?alol .adiicot z;\r?undC(r) S'
such a short residence time could lead to an underestimatiof gestionot p € enal, le gto ere

of the apparent particulate iron concentration. Indeed, dur_t|mat|on of the TPFe values might have occurred, since the

ing the time required for particulate sampling, large particlesdlgesuqn protocol did not !nf:_lude a strong attack with H.F
(>20 um) could have sunk below the level of the spigots or]aC|d. Finally, another possibility would be that a substantial

the Go-Flo bottles which would affect the apparent particu-g?:cnon ?f go:la:dalrlronti\\//va? nt%t arr;als/sedigin b(t)tar?( mnt:?
late iron concentration (Gardner et al., 2003). € Pool, but was reactive to the more acidic attack and to

L . . . the time storage of the TDFe samples.
Considering a mean dissolved iron stock in the up- C . . o
A significant fraction of dissolved iron is actually thought
per 150m of the water column above the plateau of : . i )
to be inthe colloidal pool (Kuma et al., 1998; Wu et al., 2001;
581x10®mol, and a supply of DFe of 12x110°mold!
N . Cullen et al., 2006). Wu et al. (2001) and Cullen et al. (2006)
(=(A4 - StDM;+WS;+HSy), with HS; equal to the : L
i . _ observed that 80—90% of the dissolved iron is present under
horizontal supply of iron above the plateau (=(23.9— : L .
i . . .~ colloidal fraction in the surface waters and 70% in the deep
15.6)x10°mold1)), we estimated a DFe residence time . )
. . . . waters in the Atlantic Ocean.
equal to 48 days. Such a value is consistent with residence .
: : A few duplicates of DFe samples were stored at room tem-
times of~10 days—1 year observed in the North and Equa- .
. ) . . perature and were analysed at the same time as the TDFe
torial Atlantic Ocean (Jickells, 1999; de Baar and de Jong, .
2001: Sarthou et al., 2003, 2007) samples at the laboratory (i.e. 18 months later). DFe con-
' B ' ' centrations increased by 37-90% during these 18 months of
storage. This result implies that a substantial fraction of DFe
is colloidal and is only released during long acid storage.
This observation confirms the work of Zhang et al. (2008)
who suggest that a large pool of DFe is probably colloidal.
However Feppstill dominates the total dissolvable pool after
18 months of storage. Indeed,dsgrepresents between 54
and 99% of the TDFe (mean valueB51%,n = 27) when
considering the dissolved iron samples analysed at the labo-

4.2 Importance of the colloidal fraction to the
bioavailability of Fe

Vertical profiles of total and apparent particulate iron at sta-
tions A3 and C11 are plotted in Fig. 4. For both stations,
higher values are observed in theyfgpool compared to the
TPFe pool. Indeed, kg, concentrations are 1.3 to 3.1 times
higher than TPFe. Given that some very refractory particu-
late Fe remains unreactive to the TDFe handling and analy"@tory:
sis (Powell et al., 1995), Rgpfraction should exhibit smaller
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Only two duplicates of DFe were stored at A3 and it was calculated by Blain et al. (2007) of 3317 nmot#) the new
possible to re-calculate the concentrations ofpfby using  estimated sequestration efficiency is equal to 154 000 mol C
the values of DFe measured at the laboratory and to compargnol Fe) 1. With our assumptions, consideration of the lat-
them with the TPFe concentrations. The new estimations ofral advection reduces the first estimate of the sequestra-
these Fgyp concentrations are presented on Fig. 4 and seention efficiency by 4-fold. However, this value is still ap-
to explain the difference between the two pools. This resultpoximatively 18-fold higher than the value calculated dur-
suggests that a significant portion of refractory colloids ising the other study of a natural iron fertilisation experiment
present in the DFe fraction and that only a long acid storagegCROZEX (8640 mol C (mol Fe)!, Pollard et al., 2009) and
(18 months) allows measuring this fraction. is also higher than the two artificial iron fertilisation exper-

Assuming that the colloids came from the dissolution of iments SOFeX (3300 molC (mol Fe), Buesseler et al.,
particulate lithogenic Fe at C1 and that the mean currenR004) and SERIES~500molC (mol Fe)!, Boyd et al.,
velocity above the plateau is 4:0.5cms?! (Park et al., 2004). Blain et al. (2007) explained the higher carbon se-
2008b), it takes nearly three months for the colloids to reachquestration efficiency calculated during KEOPS than during
A3. Chen and Wang (2001) showed that freshly precipitatedSOFeX and SERIES by two reasons. First, it is suspected
colloids were available to phytoplankton but aging processeghat the end of the bloom was reached during KEOPS but
(15 days) markedly reduced their availability. not during SOFeX, leading to a higher excess of carbon dur-

Moreover, the E1 flux calculated in our budget in the sur-ing KEOPS. Secondly, during mesoscale enrichment experi-
face box is consistent with the uptake by phytoplankton es+ments a large amount of the DFe added to seawater is rapidly
timated by Sarthou et al. (2008). These calculations seem ttpss contrary to the natural iron enrichment where the input
indicate that the refractory colloidal iron present in an appar-of iron is slow and continuous (Blain et al., 2007). The com-
ent particulate fraction is not taken up by phytoplankton.  parison of the carbon sequestration efficiency between the

These results give some information on the measurement6ROZEX and the KEOPS experiments is difficult because of
of the physical speciation of iron. First, the most labile frac- the different methods used during the two studies to calculate
tion of DFe measured after few hours of acidification could iron supply and carbon export. However, Pollard et al. (2009)
be the fraction that is bioavailable to the phytoplankton. Sec-observed that during KEOPS, the supply of iron was 8-fold
ond, more than a few days of acidification are needed to mealower and the carbon exported was 10-fold higher than dur-
sure the total dissolved iron fraction, especially in a regioning CROZEX. They suggested that either a vertical mixing or
with high input of refractory iron. Our study indicates that & more intense lateral advection of lithogenic material could
18 months of acid storage allow the measurement of the rehave occurred but before the late-summer observation period
fractory colloids and determine the total particulate Fe from0f KEOPS. Our study allowed us to better constrain the lat-
TDFe and DFe analyses. However, it should be noted thagral fluxes of Fe over the plateau. Considering these fluxes,
only digestion including HF acid (which was not used here)the sequestration efficiency previously calculated by blain et
ensures the recovery of the most refractory and crystallinedl. (2007) decreases, but still remains largely higher than dur-
particles determined in the TPFe fraction. These observaing CROZEX. Taking into account the lateral supply, the sup-

tions are in agreement with the study of Bowie et al. (2004)ply of iron was only 2-fold lower during KEOPS than during
who considered it useful to extend the storage of acidifiedCROZEX. Therefore most of the difference results from dif-

samples to determine the total dissolved iron pool. ferences in the excess of carbon export. Base on the data set
available during both experiments it is impossible to say if
4.3 Carbon sequestration efficiency this difference is real or if it results from the different ap-

proaches used. In fact when the excess of carbon export at
Carbon sequestration efficiency is based on the ratio of the.00 m are compared the factor of difference between KEOPS
excess of carbon exported to the dissolved iron supplied (dand CROZEX is only 5. The extrapolation at 200 m produces
Baar et al., 2005). An iron supply 06&8L0~3 nmol m~2, cor- an additional factor 2.
responding to the vertical supply and the winter stock uti-
lization, has already been calculated by Blain et al. (2007).
Taking into account the lateral advection which sup-5 Conclusions
plies 8.3<10° mol Fe d™! (=(23.9-15.6x10° mol d~1) over
an area of 45000kfduring 90 days, the contribution Our results suggest that TDFe in our study area predomi-
of the lateral supply can be estimated to be equal tonantly consists of particles. This study also highlights the im-
16.6x 10~3 nmol m2 leading to a new estimate of dissolved portance of the refractory colloidal fraction in the dissolved
iron supply of 21.&10-3nmolm~2. This value is proba- pool and emphasises the importance of extended storage to
bly overestimated because of a possible impact of this laterabetter constrain the physical speciation of Fe. The most labile
advection on the stations located outside the bloom (C11 stafraction of DFe measured after a few days of acidification
tion for example), which would lead to a smaller excess ofcould be the fraction that is bioavailable to the phytoplank-
iron. Using the excess of particulate organic carbon (POC)on. The total particulate Fe may be determined from TDFe
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