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Abstract: 6 

Concentrations of dissolved (<0.2 μm) Fe (DFe) in the Arctic shelf seas and in the surface 7 

waters of the Central Arctic Ocean are presented. In the Barents and Kara seas, near-surface 8 

DFe minima indicate depletion of DFe by phytoplankton growth. Below the surface, lower 9 

DFe concentrations in the Kara Sea (~0.4-0.6 nM) than in the Barents Sea (~0.6-0.8 nM) 10 

likely reflect scavenging removal or biological depletion of DFe. Very high DFe 11 

concentrations (>10 nM) in the bottom waters of the Laptev Sea shelf may be attributed to 12 

either sediment resuspension, sinking of brine or regeneration of DFe in the lower layers. A 13 

significant correlation (R2 = 0.60) between salinity and DFe is observed. Using δ18O, salinity 14 

,nutrients and total alkalinity data, the main source for the high (>2 nM) DFe concentrations 15 

in the Amundsen and Makarov Basins is identified as (Eurasian) river water, transported with 16 

the Transpolar Drift (TPD). On the North American side of the TPD, the DFe concentrations 17 

are low (< 0.8 nM) and variations are determined by the effects of sea-ice meltwater, 18 

biological depletion and remineralization and scavenging in halocline waters from the shelf. 19 

This distribution pattern of DFe is also supported by the  ratio between unfiltered and 20 

dissolved Fe (high (> 4) above the shelf and low ( < 4) off the shelf). 21 

 22 

1. Introduction 23 

 24 



The Arctic Ocean is linked to the global thermohaline circulation, mainly through a strong 25 

contribution of Arctic Ocean waters to North Atlantic Deep Water [Rudels, 2001]. Due to ice 26 

cover and harsh conditions, the Arctic Ocean is one of the least studied oceans, and 27 

knowledge of the trace metal distributions of the Arctic Ocean is very limited. In contrast to 28 

other world Oceans, the Arctic Ocean is characterized by vast continental shelves (over 1/3 of 29 

the total Arctic Ocean area) and by a strong (seasonal) input of fresh water to surface waters 30 

from Siberian rivers (Ob, Yenisey, Lena) and North American rivers (Mackenzie) and by 31 

seasonal ice-melt [Aagaard et al., 1981]. This freshwater causes a strong density difference 32 

between the mixed layer and deeper waters, which limits winter convection [Rudels, 2001]. 33 

These physical circumstances are expected to affect the distribution of dissolved iron (DFe) in 34 

the water column of the Arctic, resulting in a deviation from the vertical distribution common 35 

to open ocean profiles [Johnson et al., 1997; Moore and Braucher, 2008]. Instead, in the 36 

Arctic Ocean, the strong lateral DFe supply into the stratified surface layers and relatively 37 

little vertical mixing are expected to result in high DFe concentrations in the surface layers, 38 

relative to lower concentrations at depth.  39 

In other regions in the global ocean, Fe availability has been shown to be of vital 40 

importance to phytoplankton growth [Martin and Gordon, 1988; de Baar et al., 1995; Boyd et 41 

al., 2000]. In the Arctic, despite low temperatures and relatively low light levels, significant 42 

primary production is reported, most notably on the vast Arctic shelves [Carmack and 43 

Wassmann,2006; Arrigo et al., 2008]. Recently more has become known about the role of 44 

light, temperature and nutrients in primary production in the Arctic Ocean [Gosselin et al., 45 

1997; Pabi et al., 2008]. However, little is still known about the distribution of DFe and the 46 

role of DFe in Arctic primary production. A study by Measures [1999] showed reactive 47 

(unfiltered) Fe concentrations in the 1-4 nM range in the upper mixed layer over the central 48 

Arctic Ocean. They attributed these relatively high concentrations to melting of sea-ice with 49 



entrained sediments. Indeed, Nürnberg et al. [1994] have shown the importance of sediment 50 

entrainment in sea-ice for transport of sediment from Arctic rivers to the Central Arctic 51 

Ocean. Therefore the mechanism of melting of sediment laden sea-ice is a possible DFe 52 

source to the Central Arctic. Mass balance models using δ18O, salinity and nutrients showed 53 

that fluvial input sources significantly affect the surface waters of the Central Arctic, which  54 

comprises about 5-15% river water [Bauch et al., 1995; Ekwurzel et al., 2001]. Model 55 

calculations indicate that river water in the Eurasian Basin is of Siberian origin [Harms et al., 56 

2000]. Moreover, based on Ba concentrations from the same cruise as ours, Roeske et al. 57 

[subm. man.] conclude that the observed river water is of Eurasian origin. Because DFe in the 58 

Siberian rivers is 2-3 orders of magnitude higher than common open ocean surface 59 

concentrations [Dai and Martin, 1995; Gebhardt et al., 2005; Hölemann et al., 2005; Moore 60 

and Braucher, 2008], even a small portion of the DFe in this water escaping the relatively 61 

high Arctic scavenging removal regime [Cai et al., 2010] could strongly affect surface DFe 62 

concentrations in the Central Arctic Ocean.  63 

  In this paper we present the distribution of DFe on the Arctic shelves (Barents, Kara 64 

and Laptev seas) and in the surface waters (upper 250 m) of the Central Arctic, obtained 65 

during the ARK XXII/2 expedition of RV Polarstern in August-September 2007 (Fig. 1). The 66 

multi-component approach using δ18O, salinity and nutrients as well as total alkalinity (AT) 67 

measurements taken during the same cruise (see also Bauch et al. [2011 (in press)]) is used to 68 

study the influence of the different freshwater sources on the DFe distribution in the upper 69 

Arctic Ocean waters. The distribution of DFe in the deep waters of the Central Arctic Ocean 70 

is presented in a complementary manuscript by Klunder et al. [sub. man.]. 71 



 72 

2. Material and methods  73 

 74 

2.1 Sampling and analysis 75 

Water samples were collected during the ARK XXII / 2 expedition of RV Polarstern between 76 

1 August and 23 September, 2007 (Fig. 1). At discrete depths, samples were taken using 24 77 

internally teflon coated PVC 12 liter GO-FLO samplers (General Oceanics Inc.) mounted on a 78 

Titanium frame, which was connected to a Kevlar hydrowire [De Baar et al., 2008]. Inside a 79 

class 100 clean room environment samples for DFe analysis were collected from the GO-FLO 80 

bottles [De Baar et al, 2008]. Seawater was filtered using a 0.2 μm filter cartridge 81 

(Sartrobran-300, Sartorius) under nitrogen pressure. For each depth replicate samples of DFe 82 

were taken in 60 ml High Density Polyethylene (HDPE) sample bottles and acidified to pH = 83 

1.8 with 12 M HCl (Baseline, Seastar Chemicals). Previously, all bottles, used for storage of 84 

reagents and samples, were acid cleaned according to a three step cleaning procedure, as 85 

described by Middag et al. [2009].  86 

The DFe was measured using flow injection analysis with luminol 87 

chemiluminescence, where samples were buffered in-line to pH = 4, using a 0.12 M 88 

ammonium acetate buffer (pH =6.5). The DFe was pre-concentrated on an IDA Toyopearl 89 

AF-Chelate resin [Klunder et al., 2010]. After pre-concentration, the column was rinsed (60 90 

sec.) with ultrapure type 1 water and subsequently Fe was eluted from the column (120 sec.) 91 

using 0.4 M HCl (Merck Suprapur). Pre-concentration time was usually 120 seconds, except 92 

for the Laptev Sea stations, where a short loading time (15 sec) enabled determination of the 93 

very high concentrations present at this location.  94 

 95 

2.2 Calibration and validation 96 



The system was calibrated using standard additions of Fe to low DFe seawater. If an outlying 97 

value for DFe was observed, the profiles of the other trace metals (dissolved aluminium (DAl) 98 

and manganese (DMn)) and other nutrients (silicic acid, nitrate and nitrite, phosphate) were 99 

evaluated for consistency with the regarded data point. In the case that no deviations were 100 

observed in the other parameters and both the initial and duplicate sample showed an 101 

exceptional value, the exceptional data point was considered as erroneous if the value 102 

deviated more than +25 % from the expected profile based linear interpolation between  the 103 

DFe-concentration above and below the data point (after Middag et al. [2009] and Klunder et 104 

al. [2010]). The total number of data points for DFe during ARK XXII/2 was 785. In total 5 105 

data points were rejected, of which only 2 data points were situated in Arctic surface waters. 106 

A table including stations, positions, date, depth, nutrient data, DFe data and total alkalinity is 107 

available as an electronic supplement. The blank is the background concentration of DFe in 108 

ultrapure type 1 water and chemicals and is defined as the concentration measured at 0 109 

seconds loading time; the blank was 0.02 ± 0.02 nM (n= 41) on average and did not exceed 110 

0.075 nM. The detection limit (3σ of the blank) was 0.07 nM or 70 pM. The amount of Fe 111 

added to sample by addition of 12 M HCl (Baseline, Seastar) is < 0.4 pM per sample and is 112 

considered negligible [Klunder et al. 2010].  113 

The accuracy of the Fe flow injection analysis system was verified by regularly analyzing 114 

SAFe D2 standard seawater. The results agreed well with the community consensus values: 115 

0.92 ± 0.057 nM, n=24. (Certified consensus values are: 0.92 ± 0.03; www.geotraces.org). 116 

  117 

2.3 Other variables 118 

Samples for dissolved Mn (DMn) and dissolved Al (DAl) were simultaneously sampled with 119 

those for DFe [Middag et al., in press; Middag et al., 2009]. At some stations, besides the Fe 120 

in the dissolved fraction presented here, Fe was also measured in a smaller size fraction 121 



(<1000kDa) and a “total dissolvable” fraction (unfiltered) [Thuroczy et al., 2011 (in press)]. 122 

Salinity and potential temperature data were taken from the CTD profile.  123 

Total Alkalinity (AT) was determined by potentiometric titration in an open cell, 124 

according to the procedures outlined by Dickson et al. [2007]. Samples were collected in 250 125 

ml borosilicate bottles and poisoned with 100 µl of a 50% saturated solution of HgCl2 (i.e., to 126 

a concentration of 0.02%) and stored dark and cool, but without freezing, until analysis. All 127 

samples were analyzed during the expedition, most within 24 hours after sampling, with only 128 

a few stations within 72 hours of sampling. A correction factor of 1.0002 was applied to the 129 

results to compensate for the diluting effect of adding the HgCl2 solution. Precision of the 130 

analysis, defined as the standard deviation of differences between duplicate analyses of 131 

certified reference material (CRM, batch 76, distributed by the Scripps Institution of 132 

Oceanography; [Dickson 2001]) is 1.5 μmol kg-1 (n=68). Analyses of CRM showed an initial 133 

bias of the instrument of about +0.3% (i.e., about 6 µmol kg-1), which over the course of the 134 

cruise decreased to about +0.1% (i.e., about 2 µmol kg-1). This minor inaccuracy and the 135 

gradual drift therein are corrected for in the results. The final dataset of AT is accurate to ± 4 136 

μmol kg-1, this being approximately twice the standard deviation of the CRM measurements 137 

after the correction for bias and drift is performed.  138 

Oxygen isotopes were analyzed at the Leibniz Laboratory (Kiel, Germany) applying 139 

the CO2-water isotope equilibration technique on a Finnigan gas bench II unit coupled to a 140 

Finnigan DeltaPlusXL. At least 2 sub-samples were analyzed to reach an overall measurement 141 

precision for all 18O analysis of at least ±0.03‰ or smaller. For further details see Bauch et 142 

al. [2011 (in press)]. The 18O/16O ratio is given versus VSMOW in the usual -notation 143 

[Craig, 1961].  144 

 145 

2.4 Calculation of river water and sea-ice meltwater fractions  146 



Stable oxygen isotopes of the water in conjunction with salinity have proven to be a useful 147 

and reliable tracer to identify and distinguish freshwater sources [Östlund and Hut, 1984]. 148 

Moreover, Atlantic and Pacific-derived waters within the marine fraction can be distinguished 149 

and quantified based on nutrient concentrations (Ekwurzel et al., 2001; Jones et al., 1998, 150 

2008; Yamamoto-Kawai et al., 2008). The water mass fractions are calculated using either a 151 

three component or a four-component system of mass balance equations based on salinity, 152 

18O, and PO4
*. The latter PO4

* represents the initial phosphate concentration that accounts 153 

for organic respiration of dissolved oxygen and is defined as 154 

1
2

3
4

*
4 95.1175/   molkgOPOPO   [Broecker et al., 1985]. In deep waters and below a 155 

closed sea-ice cover at reduced O2 air/sea exchanges, the PO4
* is a quasi-conservative tracer 156 

[Ekwurzel et al., 2001]. The overall mass balance is governed by the following equations 157 

[Ekwurzel et al., 2001]: 158 
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*
4
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4
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4

*
4     (4)  162 

where fa is the fraction of Atlantic water, fp the fraction of Pacific-derived water, fi the fraction 163 

of sea-ice meltwater (or brine influence if fi is negative), and fr is the fraction of meteoric 164 

water for which the 18O signal is a suitable indicator. Meteoric water is all water ultimately 165 

due to precipitation. In the Arctic Ocean, this can be supplied as river water or as local net 166 

precipitation. River water and local precipitation are isotopically identical but river water 167 

exceeds net precipitation [Serreze et al., 2006], therefore we refer to this fraction as river 168 

water. The S, O and *
4PO  with the corresponding subscripts are the endmember values and 169 

measured values of salinity, 18O and *
4PO  [see Bauch et al.,2011 (in press)]. In the Atlantic 170 



regime calculated fractions of Pacific-derived waters may be strongly negative, because of 171 

endmember uncertainties and also due to a non-conservative behavior of dissolved oxygen 172 

near the surface. In these cases, Pacific-derived water can be assumed to be absent and a 3-173 

component system of equations is solved (equations 1-3 with fp set to zero).  An alternative 174 

calculation (similar to equations 1-4) using nitrate to phosphate ratios (N/P) facilitates the 175 

differences in nitrate levels between Atlantic and Pacific-derived waters [Jones et al., 1998, 176 

2008; Yamamoto-Kawai et al., 2008]. Comparison of Pacific-derived fractions from PO4* and 177 

N/P-based calculations are especially important for the interpretation of station data on the 178 

Canadian Side of the Transpolar Drift (st. 338, 342, 345; Fig. 5). While the *
4PO  approach 179 

generally tends to underestimate Pacific-derived waters due to non-conservative behavior O2 180 

near the surface, the N/P approach in the Transpolar Drift contains a seemingly Pacific signal 181 

that in fact is originating from denitrification processes along the Siberian shelves [Bauch et 182 

al., 2011 (in press)]. 183 

A negative sea-ice meltwater fraction reflects the amount of water removed by sea-ice 184 

formation and the absolute value is proportional to the subsequent addition of brines to the 185 

remaining water column. All fractions are net values reconstructed from the 18O and salinity 186 

signature of each sample and are the result of time integrated effects on the sample volume 187 

over the residence time of the water. Uncertainties based on analytical errors are considerably 188 

smaller than systematic and conceptual errors arising from limited knowledge of endmember 189 

values. Systematic errors based on uncertainties in endmember salinity and 18O data remain 190 

mostly within ±1% for river water and sea-ice meltwater fractions and uncertainties for 191 

Pacific water fraction are up to about 10% for the PO4*-based calculation [Ekwurzel et al. 192 

2001] and up to 10% for the N/P-based method [Yamamoto-Kawai et al., 2008]. For a 193 

detailed discussion see Bauch et al. [2011 (in press)] 194 

 195 



3. Hydrographic background 196 

 197 

The largest inflow into the Arctic Ocean is Atlantic water, marked by high potential 198 

temperatures (θ) (~3-5°C) and high salinity (~35) [Rudels et al., 2001]. This Atlantic water 199 

enters the Arctic Ocean in two branches. One branch flows through the Fram Strait and then 200 

eastwards along the Siberian continental margin at a depth of ~200-600 m [Rudels, 2001]. 201 

The other branch flows over the Barents Sea and Kara Sea and joins the Fram Strait Branch at 202 

St Anna Trough [Rudels, 2001]. The dominant surface current across the Central Arctic 203 

Ocean is the Transpolar Drift (TPD), fed by surface waters from the Laptev and East Siberian 204 

seas. The TPD crosses the Central Arctic Ocean, and leaves the basin southward through 205 

Fram Strait and there constitutes forms the East Greenland Current [Rudels, 2001; Fig 1a].  206 

Throughout the Arctic, the upper surface waters are strongly influenced by a major 207 

freshwater input from the Siberian and North American rivers, by Pacific inflow through 208 

Bering Strait and by melting of sea-ice [Aagaard and Carmack, 1989]. This results in a 209 

surface mixed layer (SML) marked by minima of salinity and potential temperature. During 210 

ARK XXII/2, the mixed layer (defined as the shallowest depth deeper than 10m where σ-σ10m 211 

< 0.05 (after Rintoul et al. [2001])) varies between 11-25 m over the study area. During the 212 

Ultraclean CTD casts, in many cases  the shallowest sample measured was situated  below the 213 

SML. Below the SML, upper halocline waters (UHW) are marked by a nutrient maximum 214 

and are most pronounced in the Makarov basin at salinities of about 32.5-33.5 (e.g. [Guay and 215 

Kenison Falkner, 1997]). The lower halocline waters (LHW), observed in all Arctic basins, 216 

are originally formed by winter  convection  in the Nansen Basin [Rudels et al., 2004] and 217 

intrusions of saline shelf water [Steele and Boyd, 1998], causing  higher salinities 34-34.5 218 

(e.g. [Guay and Kenison Falkner, 1997]) compared to the UHW. Steele and Boyd [1998] 219 

mention the formation of halocline waters in the Makarov Basin as a result of large amounts 220 



of freshwater leaving the Laptev Shelf Continental Margin. Below the halocline, Atlantic 221 

derived waters are observed, marked by a temperature maximum and higher salinity of about 222 

34.92 in the south western Nansen Basin [Aagaard et al.,1981]. In this study, the Surface 223 

Layer Waters (SLW) comprise the SML, UHW and LHW and are defined as waters with 224 

salinity < 34.5 (after [Guay and Kenison Falkner, 1997]).  225 

 226 

4. Results 227 

For all stations occupied during ARK XXII/2, the average DFe concentrations in the SLW 228 

together with isohalines are shown in Fig. 1a. Positions of transects are depicted in Fig. 1b. 229 

Since there is a clear correlation between DFe and salinity in the upper Arctic Ocean, the 230 

fractions of the different freshwater sources are displayed together with DFe (Figures 3-6) as 231 

they may give information about the different sources of Fe in the Arctic Ocean. 232 

 233 

4.1 Shelf Seas 234 

For the shelf seas, depth profiles of DFe, together with light transmission and salinity, are 235 

depicted in Fig. 2. In the Barents Sea (Fig. 2a; Fig. 3) high Fe (>1 nM) and salinity (>35.1) 236 

was found in the upper layer (25-50 m) southernmost station (228).  Below a DFe enrichment 237 

in surface waters, stations  236 and 239 showed  a subsurface minimum  at ~50m water depth 238 

(also at station 237), which corresponded to a maximum of fluorescence. Below 50m, the DFe 239 

concentrations were relatively constant with depth (0.6-0.8 nM). The fractions of river water 240 

were relatively low in the Barents Sea and some sea-ice meltwater was observed in the upper 241 

water around station 239 (Fig. 3).  242 

Four stations were occupied north-east of Franz Josef Land, over the St Anna Trough 243 

and at the Kara Sea slope (Fig. 1b and profiles in 2b). All stations showed a surface depletion 244 

of DFe in the upper 10 m and a pronounced subsurface maximum at 25 m depth. At all 245 



stations this layer was marked by reduced temperature θ (not shown), relatively low salinity 246 

(<33.5), higher fluorescence (Fig. 2b) and some river water (up to 3%) as well as sea-ice 247 

meltwater (2-5%) was observed (Fig. 4). Below the DFe minimum at 25 m depth there was an 248 

enrichment at 75 m and below that a relatively low (0.4-0.5 nM) DFe concentrations (st 249 

271/272) or a depletion at 75 m (st 276) and below that a relatively higher DFe (0.5-0.6 nM) 250 

(st 276/279).  251 

Two stations (407 and 411) were occupied in the shallow Laptev Sea (Fig 2c). In the 252 

upper 10 m the DFe concentrations of ~3 nM coincided with low salinity and correspondingly 253 

high fractions of river water (12–14%) and some sea-ice meltwater (~3%). Below the low 254 

salinity layer low DFe concentrations (<2 nM), sea-ice meltwater and river water 255 

contributions were found at station 407. At station 411, closer to the shelf edge, high DFe 256 

concentrations (>10 nM) corresponded to higher salinity and lower light transmission (Fig. 257 

2c), and a strong influence of brine waters (negative sea-ice meltwater fraction; fi~-9%). 258 

Relatively high river water fractions (~15%)  were observed.  259 

 260 

4.2 Surface waters in the Central Arctic Basin  261 

There was a strong relation between high DFe and low salinity in the Eurasian Basin and 262 

Central Arctic (Fig. 1a), where in the south western Nansen Basin low concentrations of DFe 263 

corresponded to high salinity and in the Amundsen and Makarov Basins increasing DFe 264 

corresponded to decreasing salinity. An exception to this inverse correlation pattern between 265 

salinity and DFe was the region above the Alpha Ridge: here at stations 338 and 342 (Fig. 1a), 266 

which we assume to be just outside the influence of the Transpolar Drift, salinity further 267 

decreased but also DFe concentrations were low. The position of the Transpolar Drift is 268 

inferred from the distribution of Pacific-derived waters and extrema of river water and 269 

negative sea-ice meltwater fractions (see discussion in Bauch et al. [2011 (in press)]). 270 



Moreover,the enhanced transport rates inferred from transient tracer evidence support this 271 

position of the TPD [van der Loeff et al., man. sub.]. 272 

In the western part of the Nansen Basin (Transects 1 and 2), the concentrations of DFe 273 

were generally low in the upper surface, despite some freshwater from sea-ice meltwater and 274 

river water (Fig. 3, 4). In the northernmost station of transect 1, the DFe increased with 275 

increasing river water (Fig. 3), whereas further east, at the northernmost station of transect 2, 276 

high river water and low DFe was found (Fig. 4). The western part of the Nansen Basin had 277 

relatively low fractions of river water and sea-ice meltwater (with a total always <6%) in the 278 

upper surface. Sea-ice meltwater was mostly restricted to the upper 25 m where DFe was 279 

generally low (<0.5nM). Although river water was present (2-3%) over most of the western 280 

Nansen Basin, the river influence was very low (<1%) at the shelf break just north of Franz 281 

Josef Land (Fig. 4).  282 

Further east at the Kara Sea slope, increasing river water fractions and about constant 283 

sea-ice meltwater fractions coincided with relatively higher DFe (Fig. 4; ~0-150 km of 284 

section). In the central Nansen Basin both the DFe concentrations (~0.5 nM) and the river 285 

water fractions were relatively low (Fig. 5; see section at ~150-400 km).   286 

Relatively high surface DFe concentrations were observed above the Gakkel Ridge 287 

together with large fractions of river water and some influence of brine waters (i.e. negative 288 

sea ice-meltwater fractions) (Fig. 6). In the Nansen Basin near the Laptev Sea margin, the 289 

surface DFe concentrations decreased as well as the fractions of river water and sea-ice 290 

meltwater (Fig. 6; ~600-800 km of section). Towards and onto the Laptev Sea shelf (see 291 

section 4.1 and Fig. 7) both the DFe concentrations and river water fractions increased again.  292 

 Towards the Amundsen Basin an increase was observed in the DFe concentrations that 293 

coincides with high river water fractions (>10%) and sea-ice formation (negative sea-ice 294 

meltwater fraction) (Fig. 5; see section at ~600-100 km and at ~2500 km). This pattern was 295 



observed somewhat more pronounced, in the Makarov Basin further west (Fig. 5, see section 296 

at ~1100-1500 km and 2000-2400 km). A considerable influence of Pacific water (>20%) was 297 

observed in the entire Makarov Basin. On the North American side of the Transpolar Drift, 298 

Pacific-derived waters comprised a major fraction of the upper water column seen most 299 

pronounced at station 342 with fp~90% (Fig. 5). The maximum in Pacific fractions coincides 300 

with a strong DFe minimum, observed for all stations on the North American side of the TPD.  301 

   302 

5. Discussion 303 

 304 

The inverse linear relationship between DFe and salinity (Fig. 8a) demonstrates the important 305 

role of Arctic rivers in the delivery of DFe to the Arctic Ocean. Nevertheless, significant 306 

deviations from the linear trend indicate that there are also other important sources and 307 

processes. In the following discussion we first compare our results with existing (D)Fe data 308 

from the Arctic (5.1) and discuss the processes on the shelf seas (5.2). Then we discuss the 309 

concentration of DFe in freshwater sources (5.3) and compare the distribution of DFe in the 310 

central Arctic Ocean with the distribution of freshwater (5.4). Processes involved in sea-ice 311 

formation and transport will alter the ratio of total Fe (TFe) and the dissolved fraction (DFe). 312 

Therefore, in order to understand the impact of these sea-ice processes on the Fe distribution 313 

the ratio TFe/DFe is discussed (5.5).  314 

 315 

5.1 Comparison with previously published data 316 

Our study shows that concentrations of DFe in Siberian shelf seas are relatively low (<1 nM), 317 

except for the Laptev Sea where rather high concentrations (> 10 nM) are observed. In the 318 

Central Arctic, concentrations vary from ~0.5 nM in the Nansen Basin, to >2nM in the 319 

Amundsen and Makarov basins. To our knowledge no other data has been previously reported 320 



for dissolved (0.2 μm filtered) DFe in the Arctic Ocean, but there are some studies reporting 321 

unfiltered Fe concentrations. Our observations are consistent with data of Moore et al. [1983], 322 

who reported a profile with ~1.5 nM of reactive iron in the surface waters above the 323 

Lomonosov Ridge. Measures [1999] reported generally higher concentrations in the range of 324 

0.67-20 nM for reactive Fe on a transect across the Arctic Ocean, with 1.55-3.5 nM over the 325 

Lomonosov Ridge and the Makarov Basin and 0.67-1.31 nM for the western Nansen Basin. 326 

These ranges of unfiltered samples are slightly higher than the data presented here for filtered 327 

samples, but agree well with the values for unfiltered samples from our same casts [Thuroczy 328 

et al., manuscript submitted]. Tovar-Sanchez et al. [2009] reported Fe concentrations of 10 329 

±1.8 nM (n=10) in upper surface waters (1 m depth) just north of Spitsbergen and values are 330 

thereby roughly an order of magnitude higher than our data sampled slightly to the east at 331 

~15-20° (see Fig. 2, 3). However, the difference may be at least partly explained by the fact 332 

that Tovar-Sanchez et al. [2009] reported unfiltered Fe and sampled at ~1 m water depth to 333 

specifically capture the influence of melting of sea-ice. In contrast filtered (dissolved) Fe 334 

concentrations reported here are from > 10 m water depth.  335 

 336 

 5.2 Shelf seas 337 

In the Barents Sea, all stations show a subsurface DFe minimum, often coinciding with a 338 

maximum in fluorescence (Fig. 2a). This fluorescence is due to presence of chl a, and  may 339 

indicate uptake of DFe by phytoplankton. Cai et al. [2010] report a relatively high POC 340 

export in the Barents Sea from measurements collected on the same expedition, indicating 341 

significant primary production in the months before the expedition. Indeed, NASA SEAWifs 342 

images show high concentrations of chlorophyll (~5 mg m-3) in the Barents Sea in the months 343 

before our cruise (May-June) [Feldman and McClain, 2011]. During our expedition 344 

concentrations had already decreased to (< 1 mg m-3) (NASA SEAWifs images [Feldman and 345 



McClain, 2011]) (Fig. A1). Moreover, the chl a distribution in the Barents Sea shows 346 

variations of one order of magnitude in the region southeast of Spitsbergen in June-July 2007. 347 

Also satellite derived annual primary production data of the calendar year 2007 from the 348 

Arctic Ocean, show variations between 50-150 g C m-2 yr-1 over the Barents Sea Shelf [Arrigo 349 

et al., 2008]. Therefore, it is likely that biological uptake and depletion of DFe in the months 350 

prior to the expedition has led to the observed low concentrations. Of the four Barents Sea 351 

stations, station 237 has the lowest POC export [Cai et al., 2010] and relatively higher DFe, 352 

suggesting little DFe depletion by phytoplankton at this station, consistent with spatial 353 

variation within the Barents Sea (Fig. 3).  The very high DFe concentration (~1.67 nM) close 354 

to bottom depth at station 236 is consistent with a similar high concentration observed in 355 

DMn distribution and is attributed to benthic efflux [Middag et al., 2011]. The Kara Sea 356 

stations differ from the Barents Sea and Laptev Sea shelf sea stations as they are situated all 357 

on the outer shelf, close to the slope, rather than on the central shelf (Fig. 1b, inset). All Kara 358 

Sea stations show an upper surface biological depletion in DFe, consistent with the maximum 359 

chl a fluorescence signal in the upper 20 m surface water (Fig. 2b). Station 271, situated 360 

furthest from the shelf, shows a small intrusion of cold, fresher, slightly less oxygenated 361 

waters (Fig. 2b), likely from the shelf, below a stable mixed layer (upper 15 m). Higher DFe 362 

in these advected shelf waters may explain the higher DFe in the upper 25 m at station 271. 363 

Similarly, an even stronger decrease in salinity and oxygen may indicate intruding waters 364 

from the shelf at station 279, and thus explain the high DFe concentrations, although this is 365 

not confirmed in the θ profile (Fig. 2b). Below the upper 50 m the Atlantic core is recognized 366 

by higher θ and salinity; at station 271 and station 279 at ~ 75 to 175 m water depth. At 367 

stations, 272 and 276, situated further from the shelf, a deeper Atlantic water layer is 368 

observed. Below 100 m, the slightly lower DFe at station 271 and 272 (~0.4-0.45 nM) may be 369 

due to influence of Fram Strait Branch Waters, whereas the DFe at station 276 and 279 (~0.5-370 



0.55 nM) may be influenced by Barents Sea Branch Waters (Fig. 4). In general, the DFe 371 

concentrations are slightly lower in the Kara Sea than in the Barents Sea; DFe may be 372 

removed during transport from the Atlantic source to the Kara Sea both by adsorptive 373 

scavenging removal and/or biological uptake. Remarkably, the profile of dissolved Barium 374 

(Ba) as measured at station 276 follows a reverse pattern as DFe at this depth, with a small 375 

decrease at ~100-125 m. [Roeske et al., subm. man., their Fig. 4]. It may be possible that some 376 

small influence of advected shelf waters with a (small) sea-ice meltwater signal at ~100-125 377 

m depth causes the lower Ba [Roeske et al., subm. man.] yet higher DFe concentrations. 378 

Although these data do not provide a definitive conclusion, our suggestion of advected water 379 

with elevated sea-ice meltwater influence is consistent with the deviations observed in the 380 

salinity profile (Fig. 2b), high dissolved Al at a depth of 125 m [Middag et al., 2009] and the 381 

higher δ18O (not shown) at these depths.  The DFe concentrations gradually decrease at 382 

Station 276 below 300 m to ~0.45 nM at 620 m depth 383 

In the Laptev Sea (station 411; see Fig. 7) a very low light transmission signal is found 384 

below 20 m, corresponding to extremely high DFe. Because low light transmission indicates 385 

presence of particles, local resuspension from bottom sediment may be an input source for 386 

DFe (Fig 2c). Moreover, these enhanced DFe concentrations in the bottom waters may come 387 

from the rapid regeneration at depth of organic material exported from the upper waters. This 388 

mechanism has been reported for dissolved Barium (Ba) that shows a similar distribution with 389 

high concentrations in Laptev Sea bottom waters [Abrahamsen et al., 2009; Roeske et al., 390 

subm. man.]. Organic matter in this part of the Laptev Sea is mainly of terrestrial origin 391 

[Anderson et al., 2009]; the dissolution of this organic matter may explain the observed high 392 

concentrations of DFe. Additionally, bottom waters on the Laptev Sea shelf are known to 393 

contain some river water and are also influenced by sea-ice formation (Fig. 7) [Bauch et al., 394 

2009]. Since river water fractions do not differ as much between surface and bottom layer 395 



(Fig. 7) the extremely enhanced DFe concentrations in the bottom layer are not primarily 396 

determined by river contribution. Brine rejection from sea-ice formation may be of 397 

importance in distributing DFe over the water column. For the Weddell Sea, Lannuzel et 398 

al.[2008] reported DFe enrichment upon brine drainage. Close to the shelf edge, the station 399 

407 shows relatively lower DFe and higher salinity, than station 411 on the shelf (Fig. 2c), 400 

due to the Atlantic Boundary Current flowing along the Arctic shelf seas [Rudels et al., 2004] 401 

transporting saline water with relatively low DFe [Klunder et al., manuscript submitted] onto 402 

the outer Laptev Sea shelf. 403 

 404 

5.3 Fe in freshwater sources 405 

The inflow of river water is a major source of DFe to surface waters. The DFe concentrations 406 

in Arctic rivers vary considerably. Dai and Martin [1995] reported 250 -650 nM for the Ob 407 

and Yenisey rivers and Hölemann et al. [2005] reported a range of 410-7132 nM for the Lena 408 

river. Concentrations of DFe in river water are seasonally variable: both the North American 409 

and Eurasian rivers show a strong seasonal summer peak in their discharge volume with 410 

higher DFe concentration during the peak discharge [Rember and Trefry, 2004; Hölemann et 411 

al., 2005].  These concentrations are orders of magnitude higher than common ocean seawater 412 

concentrations, however a large amount of DFe is expected to be removed by 413 

precipitation/flocculation and sinking in the estuaries [Boyle et al,. ,1977].  414 

The melting of seasonal sea-ice is another possible input source of DFe [Measures, 415 

1999]. In the Southern Ocean, melting of seasonal sea-ice has been shown to cause 416 

enrichment of DFe [Klunder et al., 2010; Lannuzel et al., 2008]. It is important to note that 417 

the DFe concentration in sea-ice can be modified by biological processes (uptake by 418 

phytoplankton and bacterial remineralisation) [van der Merwe et al., 2009]. Also Arctic sea-419 

ice may receive Fe from atmospheric sources [Darby et al., 1974]. However, because the 420 



Arctic sea-ice is largely formed on the Arctic shelves, the entrainment of sediments, either 421 

from rivers or suspension at the shelf can be assumed to be a more significant process 422 

[Nürnberg et al., 1994]. Hölemann et al. [2005] reported very high (281-10585 nM) DFe 423 

concentrations in sea-ice in the Laptev Sea, where the concentrations near the Lena River 424 

Delta exceeded the concentrations further on the shelf by two orders of magnitude. Tovar-425 

Sanchez et al. [2009] reported concentrations of 532-864 nM total dissolvable Fe in Arctic 426 

sea-ice for stations north of Spitsbergen. This wide range of Fe enrichment in samples taken 427 

relatively close to each other illustrates the strong spatial variability of the input of sea-ice 428 

derived particulate and dissolved Fe, that will lead to patchiness in the distribution of DFe in 429 

Arctic sea-ice meltwater and consequently in the water below.  430 

Moreover, the contribution of dissolved Fe to the total Fe in sea-ice cores has been 431 

shown to vary between less than 1% to 33% in the Subarctic Bering Sea [Aguilar-Islas et al., 432 

2008]. This stresses the role of release mechanisms and dissolution processes in delivery of 433 

dissolved Fe from sea ice sediments to the water column [Cámara-Mor et al., 2010; Nürnberg 434 

et al., 1994]. The Transpolar Drift (TPD) carries sediment laden sea-ice to the Central Arctic 435 

where it can be released upon melting [Cámara-Mor et al., 2010; Nürnberg et al., 1994]. It is 436 

important to note that the mass balance equations used in this study yield a net value of the 437 

sea-ice contribution over the residence time of the water  and melting as well as formation 438 

may have taken place before the time of measurement. Therefore water with a negative value 439 

for the fraction sea-ice meltwater (reflecting net sea-ice formation) may still contain some 440 

recent addition of sea-ice meltwater, i.e. may still have a sea-ice related DFe source.  441 

In the Makarov Basin, a large part of the freshwater component is due to waters of Pacific 442 

origin. This water may contain a different DFe signature compared to the marine waters in the 443 

Eurasian Basin that consist primarily of Atlantic-derived waters [Bauch et al., 2011 (in 444 

press)]. The DFe concentrations in the surface waters of the North Pacific vary widely (0.1 445 



nM - 3 nM) [Takata et al., 2004; Moore and Braucher, 2008; Aguilar-Islas et al., 2008]. 446 

Besides this wide range in concentration of DFe in the North Pacific Ocean, there is 447 

significant biogeochemical modification of Pacific Waters during transit over the shallow 448 

shelves from the Bering Sea to the central Arctic [Codispoti et al., 2005] (transit time in the 449 

order of 1-6 months [Woodgate et al., 2005]). Therefore, the DFe endmember concentration 450 

in Pacific-derived waters in the Arctic Ocean halocline has a wide range and cannot be 451 

defined as one single end-member value. 452 

 453 

5.4 DFe concentration in correlation to freshwater distribution  454 

The strong linear relationship between DFe and river water in the surface layer of the Central 455 

Arctic (Fig. 8b) indicates that river water is the most important DFe source in the Central 456 

Arctic Ocean.  The DFe concentration does not exceed 1.5 nM in regions with river water 457 

fractions <10 %, whereas in regions with >15% river water fraction, DFe concentrations of up 458 

to 3 nM are found..  459 

The small portion of total freshwater (river water and sea-ice meltwater <~6%) present 460 

in the Eastern Nansen Basin and over the Barents Sea and Kara Sea shelves does not show a 461 

clear correlation with the distribution of DFe. Sea-ice meltwater contributes about half of this 462 

freshwater but no related increase in DFe is observed (Figs. 3, 4). Thus sea-ice meltwater is 463 

generally not a significant source of DFe in this region. At the northernmost station of transect 464 

1 (Fig 3) and east of the St. Anna Trough (Fig. 4) small but significant input of river water 465 

correlated with high DFe. This river water originates from shelf regions further east where it 466 

becomes frozen and next transported as ice together with sea-ice [Bauch et al., 2011 (in 467 

press)], and it melts again in the Barents Sea and eastern Nansen Basin.  The DFe present in 468 

this river water transported as ice may be subject to biological Fe-depletion during transport 469 

causing strong spatial variation in concentrations of DFe (see section 5.3). Also, both the 470 



strong surface depletion in phosphate (Fig. A2) and the relatively high POC-export fluxes 471 

(1.7-5.5 mmol m-2 d-1) [Cai et al., 2010] indicate phytoplankton growth and subsequent export 472 

in the months prior to our expedition (see section 5.2). If this production would take up the 473 

DFe from sea-ice meltwater it would not be observed in the DFe concentrations despite 474 

considerable river water and sea-ice meltwater fractions. The facts that melting of sea-ice in 475 

the Barents Sea commenced in mid-May 2007 [Spreen and Kaleschke, 2008] and our 476 

sampling in the Barents Sea took place at the end of July 2007 are in favor of such a 477 

mechanism, which was  also observed in the Ross Sea [Sedwick and DiTullio, 1997]. 478 

 The two stations at the North American side of the TPD (station 338 and 342, Fig. 1a) 479 

significantly deviate from the correlation between DFe and river water fractions seen in the 480 

Eurasian Basin and in the TPD (Fig. 9). While river water fractions are lower compared to 481 

values found in the TPD, still significant river water fractions are observed which are not 482 

reflected in the actually low DFe concentrations (Fig. 5).  At stations 338 and 342 an 483 

enrichment of DFe is observed at the surface, lower DFe concentration at the subsurface and 484 

another DFe-enrichment at 75-100 m depth (Fig 9). Salinity at these stations is low at the 485 

surface, but increases in the upper 30 m, remains relatively constant between ~30-60 m depth 486 

and continues to increase below (Fig. 9). Compared to salinity values found at ~60 m an 487 

additional input of 1-2% freshwater (S=0) is needed to obtain the low salinity values found in 488 

the upper 30 m. Moreover, there is a DFe decrease of 0.32 nM from 10 to 50 m and of 489 

0.15 nM from 10 to 25 m for station 338 and 342 respectively. Although the fraction of 490 

(Eurasian) river water is high compared to that of sea-ice meltwater (8-10%), the river water 491 

fractions are relatively constant over the upper 50 m, whereas positive sea-ice-meltwater 492 

fractions (~3%) are only observed in the shallowest sample (~10 m) and are consistent with 493 

the high DFe concentrations. From the lower salinity in the upper ~10 m, relative to the 494 

winter mixed layer salinity and  the observed relation of high DFe with sea-ice meltwater it is 495 



suggested that the low salinity, high DFe input comes from the surface. Assuming DFe 496 

enrichment is caused solely by sea ice meltwater, the DFe endmember concentration is 497 

calculated  using the extra sea-ice meltwater input of 2% and 1.5 % and the DFe decrease of 498 

0.32 and 0.15 nM respectively. The DFe-concentration for the sea-ice meltwater endmember 499 

should thereby be ~16 nM and ~10 nM DFe, for stations 338 and 342 respectively. This 500 

calculated DFe concentration for the sea-ice endmember is low compared to the reported DFe 501 

in Arctic sea-ice (see section 5.3). However, we may expect strong spatial variations in the 502 

amount of DFe released from melting of sediment laden sea-ice as it is dependent on the 503 

amount of sediment contained in the ice and on the dissolution mechanisms. The presence of 504 

chlorophyll a in the upper 50 m [Cai et al., 2010], may point to biological depletion causing 505 

the lower DFe concentrations at ~25-50m depth. Instead of North American river water, 506 

Roeske et al., [subm man.] attributed the waters at 50-100 m depth to halocline waters from 507 

the Chukchi Shelf, carrying the properties of mineralization processes between bottom waters 508 

and sediment. This is reflected in high Ba concentrations [Roeske et al., subm man.] and low 509 

O2 and high silicate concentrations (Fig. 9). These mineralization processes could cause the 510 

DFe increase from 50m  to ~100 m at station 338 and 342. The strongest influence of these 511 

waters from the Chukchi Sea is found at 100 m depth at station 342 as reflected in the Si 512 

maximum (Fig. 9) and may explain the high DFe concentrations here. In contrast, lower DFe 513 

concentrations (Fig. 9) at station 338 may be caused by mixing with Atlantic waters, which 514 

comprise already >60% of the water mass at 100 m. Below  ~125 m, the DFe decreases (Fig. 515 

9), consistent with the DFe concentration observed in the deep waters of the Makarov Basin 516 

[Klunder et al.,manuscript submitted].  517 

  An alternative explanation for the relatively low DFe values on the North American 518 

side of the TPD is the longer transit time of waters from the shelf seas to the Central Arctic in 519 

the Beaufort Gyre compared to the fast transport of river derived waters from the shelf to the 520 



Central Arctic by the TPD. This longer transit time would allow more Fe to be removed by 521 

scavenging processes. In addition, DFe may be taken up by phytoplankton in the preceding 522 

months, enhanced by the largely ice-free conditions in 2007 in this part of the Canadian Basin 523 

[Arrigo et al., 2008].  524 

A small subset of stations were also sampled for total alkalinity (AT) . The AT data 525 

supports the finding that the low salinity (and high DFe input) within the TPD is caused by 526 

(mixing with) Eurasian river water, whereas the stations on the North American side of the 527 

TPD have a different freshwater signature. In Fig. 10 the AT vs salinity relationship is 528 

depicted, including the mixing lines between Atlantic, Pacific, North American river water 529 

and Eurasian river water endmembers (see caption for endmember values). The DFe 530 

concentrations are shown in color. The high AT, high salinity waters with low/moderate DFe, 531 

are mainly Nansen Basin waters. As aforementioned, some stations in this region are 532 

influenced by sea-ice meltwater (following grey arrow, Fig. 10). A decrease in AT and salinity 533 

is seen at ~50 m (shallowest sampling depth for AT) in the stations within the TPD (green 534 

ellipse), where also DFe concentrations increase. Remarkably, these datapoints lie between 535 

the Atlantic Water/Eurasian river water and Atlantic Water/Northamerican river water mixing 536 

lines. Substantial ice formation, as has been observed in the TPD (Fig.5), would result in the 537 

observed devation from  the  Atlantic Water/Eurasian river water mixing line. Nevertheless, 538 

influence of Northamerican rivers to the TPD cannot be ruled out. There are two data points at 539 

~50 m depth on the North American side of the TPD, showing a lower AT relative to their 540 

salinity than within the TPD (orange ellipse). These data points are on the mixing line of 541 

Eurasian river water and Pacific Water (Fig. 10). This is consistent with the observed river 542 

water fractions of ~6-8 (Fig. 5) and influence of Pacific water flowing over the Chukchi Shelf 543 

(see section 5.3 and Roeske et al., [subm man.]). Anderson et al. [2004] noted that biological 544 



processes little affect the AT in the Arctic Ocean which is in line with little change observed 545 

in AT concentrations during transit over the Chukchi shelf. 546 

.  547 

5.5 Dissolved vs. total dissolvable Fe: implications for Fe delivery to the Arctic  548 

Recent melt of sediment laden sea-ice or influx of riverine sediments from the shelves would 549 

result in a high concentration of Fe in the particulate phase and thus a relatively high 550 

unfiltered (total dissolvable) Fe concentration (TDFe). During transit from the shelves to the 551 

Central Arctic, dissolution processes, sinking and particle scavenging will lower the ratio of 552 

TDFe relative to DFe. Thus the ratio TDFe/DFe may give insight in these processes. For 553 

instance a rapid removal of TDFe compared to DFe with offshore distance from the Antarctic 554 

Peninsula was observed [Ardelan et al., 2010] indicating strong settling loss of TDFe relative 555 

to DFe in surface waters. Fig. 11 shows the TDFe/DFe ratios versus salinity in the upper 100 556 

m for stations on the Siberian shelves and for open ocean stations. Generally, the TDFe/DFe 557 

ratios are lower for open ocean stations than for shelf stations (closed and open dots in Fig. 558 

11, respectively). The higher ratio at shelf stations indicates a strong and recent input of 559 

sediments, released during local melting of sea-ice or from rivers and causing very high Fe 560 

concentrations in the size fraction >0.2 μm. We suggest that recent local sea-ice meltwater 561 

was not present in the Central Arctic Ocean and that during transit from the shelf seas to the 562 

central Arctic Ocean most of the Fe in the particulate fraction is removed, resulting in 563 

TDFe/DFe ratios close to 1 at these stations (Fig.11). In sea-ice cores from the Bering Sea  the 564 

TDFe/TFe ratio is between 2.6-1800 (median 42) [Aguilar-Islas et al., 2008],  close to the 565 

TDFe/DFe ratios observed for shelf stations rather than to those observed in the Central 566 

Arctic (Fig.11). This strengthens our concept that river water rather than meltwater of  567 

sediment laden sea-ice is the dominant DFe input source in the central Arctic Ocean. In 568 

principle the melting of possibly sediment laden sea-ice at stations 338 and 342 should be 569 



visible in high TDFe/DFe ratios. Unfortunately this remains speculative because no TDFe 570 

measurements are available from stations 338 and 342.  571 

 572 

6. Summary and conclusion 573 

The data reveal that the DFe distribution throughout the surface waters of the central Arctic 574 

Ocean is largely correlated with freshwater input sources, which is predominantly Eurasian 575 

river water. On the shelves other factors influence the Fe distribution. In the Barents Sea and 576 

Kara Sea, DFe minima at high chl a concentrations indicate DFe depletion by phytoplankton 577 

growth. Strong carbon export and high chlorophyll abundance from satellite images indicate 578 

that it is likely that DFe input enabled primary production in the months prior to our cruise. 579 

This input likely comes from sea-ice meltwater and ice transported river water in the Barents 580 

Sea. Biological depletion of DFe could then explain the relatively low DFe concentrations 581 

despite significant sea-ice meltwater and river water signals. Very high DFe concentrations 582 

near the bottom of the Laptev Sea are attributed to either sediment resuspension, sinking of 583 

brine, or regeneration of Fe in the bottom layer.  584 

In the central Arctic, both the Atlantic boundary current and the Transpolar Drift 585 

transport DFe within Arctic surface waters. The DFe concentration in the western part of the 586 

Eurasian Basin reflects mainly the concentrations of Atlantic surface water. The influence of 587 

Atlantic water can still be recognized at the Laptev Sea continental margin, in high salinities 588 

and relatively low DFe. Freshwater from the Eurasian rivers mainly transported by the TPD is 589 

the main contributor to DFe in the Amundsen and Makarov basins, where DFe concentrations 590 

> 2nM are observed. Here, the ratios of dissolved relative to “total dissolvable” Fe are low, 591 

likely due to dissolution of DFe and scavenging/sinking of DFe in the “total dissolvable” 592 

fraction. Above the Mendeleev-Alpha Ridge, on the North American side of the Transpolar 593 

Drift, two stations deviate from the pattern of river transported DFe. Here the DFe 594 



concentrations are generally lower than those within Surface Layer Water of the TPD. This 595 

may be caused by the presence of Pacific-derived waters having lower DFe concentrations 596 

due to biological depletion during transit, but also by (Eurasian) river water with longer 597 

residence times compared to river water in the Eurasian Basin and the TPD. Scavenging and 598 

uptake by phytoplankton during transport from the shelves may lower DFe concentrations. 599 

Mixing of river water with Atlantic- and Pacific-derived waters within the TPD and on the 600 

North American side of the TPD, respectively is also observed from the distribution of Total 601 

Alkalinity. More specifically, the DFe concentrations on the North American side of the 602 

Transpolar Drift are strongly determined by sea-ice meltwater in the upper 50 m. A significant 603 

influence of remineralisation is seen DFe enrichment at ~ 100m depth , However, generally 604 

biological depletion of these waters during transit over the shelves results in a overall low  605 

DFe concentration. 606 

The results suggest that shifts in delivery of DFe to the Arctic Ocean with regard to 607 

the regional change in climate may primarily depend on shifts in Arctic currents (e.g. shift in 608 

the position of the TPD) and on the amount of river runoff rather than on an expected further 609 

increase in sea-ice meltwater. However, loss of Arctic sea-ice cover also alters  an  important 610 

transport mechanism of river derived DFe within the Arctic Ocean and specially the Arctic 611 

shelf seas, which are the most productive areas [Pabi et al., 2008]. Recently Arrigo et al. 612 

[2008] suggested an increase in denitrification in the Arctic Ocean, resulting in a further 613 

depletion of the already low nitrogen concentrations  in the waters leaving the Arctic to the 614 

North Atlantic, this likely enhancing N2 fixation in the North Atlantic [Arrigo et al., 2008; 615 

Yamamoto-Kawai et al., 2006]. This raises the question whether the Fe concentrations in the 616 

waters transported from the Arctic to the North Atlantic would contain enough Fe, which is 617 

reported to be a control factor for N2 fixation [Falkowski et al., 1998], to sustain such 618 

enhanced N2-fixation. Based on the results of this study, we may carefully confirmthe 619 



relatively high concentration of DFe in the waters exiting the Arctic relative to the lower DFe 620 

in common North Atlantic surface waters [Moore and Braucher, 2008].  621 
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 831 

9. Figure captions 832 

 833 

Fig. 1a. Station map of all stations occupied during ARK XXII/2. Color scale indicates 834 

dissolved Fe averages of Surface Layer Waters (SLW). Stations measured for total Fe (TFe) 835 

are marked with an open diamond ◊. Average salinity isolines of the Surface Layer Waters are 836 

shown in red. Blue arrows indicate the transpolar drift (schematically, after Rudels et al. 837 

[2001]). Abbreviations: NB: Nansen Basin; AB: Amundsen Basin; MB: Makarov Basin. 838 

 839 

Fig. 1b. Map of the Arctic Ocean, with the transects and shelf stations occupied during ARK 840 

XXII/2. The grey square in the overview marks the position of the enlargement (right panel) 841 



for the Arctic shelves. Abbreviations: BS: Barents Sea; FJL: Franz Josef Land; BS: Barents 842 

Sea; KS: Kara Sea; LS: Laptev Sea;  NB: Nansen Basin; GR: Gakkel Ridge; AB: Amundsen 843 

Basin; LR; Lomonosov Ridge; MB: Makarov Basin; MR: Mendeleev Ridge. 844 

 845 

Fig 2. Depth profiles of DFe, Salinity and fluorescence (indicative of Chl-a; arbitrary units) 846 

for the stations on (a) the Barents Sea Shelf, (b) Kara Sea Shelf and (c) the Laptev Sea Shelf 847 

(see Fig. 1b). For clarification of the discussion, for the Kara Sea shelf, also oxygen profiles 848 

are shown (see text) and for the Laptev Sea shelf also light transmission data is shown (see 849 

text). Station profiles for salinity, fluorescence, light transmission and oxygen follow the same 850 

colors as indicated in the DFe profile for each region.    851 

 852 

Fig. 3. Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot 853 

of river water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the 854 

upper 250 m of the water column at transect 1 (see Fig. 1b). Station numbers of transects are 855 

indicated above upper panel and South (S) and North (N) orientation within lower panel. Note 856 

the different scale for the DFe depth profiles. [Gridding: DIVA gridding (ODV) ; 72*72 857 

(upper panel)& 60*60 (lower panel)] 858 

 859 

Fig 4. Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot 860 

of river water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the 861 

upper 250 m of the water column at transect 2 (see Fig. 1b). Station numbers of transects are 862 

indicated above upper panel and South (S) and North (N) orientation within lower panel. Note 863 

the different scale for the DFe depth profiles. [Gridding: DIVA gridding (ODV); 90*90 864 

(upper panel)& 60*60 (lower panel)] 865 

 866 



Fig. 5. Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot 867 

of river water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the 868 

upper 250 m of the water column at transect 3/4 (see Fig. 1b). Station numbers of transects are 869 

indicated above upper panel and South (S) and North (N) orientation within lower panel. The 870 

different Basins are indicated by arrows below the transect plots. Note the different scale for 871 

the DFe depth profiles. The red bar in the lower panel indicates the region where water mass 872 

fractions are calculated using N/P ratio. [Gridding: DIVA gridding (ODV); 72*72 (upper 873 

panel)& 60*60 (lower panel)] 874 

 875 

Fig. 6. Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot 876 

of river water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the 877 

upper 250 m of the water column at transect 5 (see Fig. 1b).  Station numbers of transects are 878 

indicated above upper panel and South (S) and North (N) orientation within lower panel. Note 879 

the different scale for the DFe depth profiles. [Gridding: DIVA gridding (ODV); 72*72 880 

(upper panel)& 60*60 (lower panel)] 881 

 882 

Fig. 7. Dissolved Fe datapoints plot (upper panel) and transect plot of of river water fractions 883 

(color) and sea-ice meltwater fractions (contours) (lower panel) in the upper 250 m of the 884 

water column of the stations on the Laptev Shelf (see Fig. 1b). Station numbers of transects 885 

are indicated above upper panel and South (S) and North (N) orientation within lower panel. 886 

[Gridding: DIVA gridding (ODV); 60*60 (lower panel)] 887 

 888 

Fig 8a. Relation between DFe and Salinity in the upper 250 m. Red dots show all data, 889 

(smaller) black dots show all data points excluding stations 338/342 (see text section 5.4) and 890 



407/411 (see text section 5.2). Correlation coefficient, p-value and N are given for the reduced 891 

dataset (black dots). Note the break within the DFe axis. 892 

 Fig. 8b. Relation between the concentration of DFe (nM) and fraction of river water (%) for 893 

the whole water column in the Central Arctic Ocean (Shelf stations are excluded (Fig. 1b)). 894 

Fraction of Pacific-derived water (%) is shown in color scale. The blue ellipse indicates the 895 

data points >50 m at stations 338 and 342 (see text for discussion). 896 

 897 

Fig. 9. Depth profiles in upper 300 m of DFe (nM), oxygen, salinity and salinity for stations 898 

338 and 342 located on the North American side of the Transpolar Drift. Processes 899 

influencing the concentration of DFe are indicated (see text for explanation) 900 

 901 

Fig. 10. Relation between Total Alkalinity and Salinity for the stations in the upper 250 m. 902 

DFe concentrations are shown in color. Mixing lines between Atlantic water and Eurasian 903 

(red dotted) and North American river water (red solid) and Pacific water and Eurasian (blue 904 

dotted) and North American river water (blue solid).  905 

Endmember concentrations are following Yamamoto-Kawaii et al. [2005]; Salinity: Atlantic 906 

water: 34.87; Pacific Water 32.2 (mean of 32.7 [Ekwurzel et al, 2001] and 31.5 [Anderson et 907 

al., 1994]). Total Alkalinity: Atlantic water: 2306 μmol/kg and Pacific water: 2173 μmol/kg 908 

[Anderson et al., 1994]. The river endmembers are calculated using Sal=0 and alkalinity 909 

values of 1181, 845, 788, 1707, and 1540 μmol/kg for the Ob, Yenisey, Lena, Yukon, and 910 

Mackenzie Rivers, respectively [Cooper et al., 2008] multiplied with the partial distribution 911 

of these rivers to the total endmember [Holmes et al, 2002].  912 

Gray arrows indicate sea-ice melting and sea-ice formation, relative to the Atlantic – Eurasian 913 

river water mixing line. Green ellipse includes the data points at ~50 m in the TPD (stations 914 

309 – 333 and 349 – 352) and orange ellipse indicates the waters at ~50 m north of the TPD. 915 

Laptev Sea data points (stat. 407 and 411) are surrounded by a blue square and are consistent 916 

with mixing with river water and a strong sea-ice formation/ brine input signal in the deepest 917 

layer of stat. 411 (see text section 5.2).  918 

  919 



Fig. 11. Ratio total iron (TFe) over dissolved iron (DFe) for all points in the upper 100 m at 920 

shelf stations (open circles) and open ocean stations (closed circles). Shelf Sea Stations are 921 

indicated in Fig 1b. 922 

 923 

 924 

Supplementary Figures 925 

 926 

Fig. A 1a-d. SeaWifs Chlorophyll a images of the Barents Sea Region,of the months during 927 

and prior to the ARK XXII/2 expedition. 928 

 929 

Fig. A 2. Transect 1; Phosphate in color scale, DFe in contours.  930 

 931 



 

Fig. 1a. Station map of all stations occupied during ARK XXII/2. Color scale indicates dissolved Fe 

averages of Surface Layer Waters (SLW). Stations measured for total Fe (TFe) are marked with an 

open diamond ◊. Average salinity isolines of the Surface Layer Waters are shown in red. Blue arrows 

indicate the transpolar drift (schematically, after Rudels et al. [2001]). Abbreviations: NB: Nansen 

Basin; AB: Amundsen Basin; MB: Makarov Basin. 

 

 

 



 

Fig. 1b. Map of the Arctic Ocean, with the transects and shelf stations occupied during ARK XXII/2. 

The grey square in the overview marks the position of the enlargement (right panel) for the Arctic 

shelves.  Abbreviations: BS: Barents Sea; FJL: Franz Josef Land; BS: Barents Sea; KS: Kara Sea; LS: 

Laptev Sea;  NB: Nansen Basin; GR: Gakkel Ridge; AB: Amundsen Basin; LR; Lomonosov Ridge; MB: 

Makarov Basin; MR: Mendeleev Ridge. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 2a 

 

Fig. 2b 

 

Fig 2c 

Fig 2. Depth profiles of DFe, salinity and fluorescence (indicative of Chl-a; arbitrary units) for the 

stations on (a) the Barents Sea Shelf, (b) Kara Sea Shelf and (c) the Laptev Sea Shelf (see Fig. 1b). For 

clarification of the discussion, for the Kara Sea shelf, also oxygen profiles are shown (see text) and for 

the Laptev Sea shelf also light transmission data is shown (see text). Station profiles for salinity, 

fluorescence, light transmission and oxygen follow the same colors as indicated in the DFe profile for 

each region. 

 



 

Fig. 3. Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot of river 

water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the upper 250 m of 

the water column at transect 1 (see Fig. 1b). Station numbers of transects are indicated above upper 

panel and South (S) and North (N) orientation within lower panel. Note the different scale for the 

DFe depth profiles. [Gridding: DIVA gridding (ODV) ; 72*72 (upper panel)& 60*60 (lower panel)]. 

 

 

 

 

 

 

 

 

 



 

 

Fig 4. Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot of river 

water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the upper 250 m of 

the water column at transect 2 (see Fig. 1b). Station numbers of transects are indicated above upper 

panel and South (S) and North (N) orientation within lower panel. Note the different scale for the 

DFe depth profiles. [Gridding: DIVA gridding (ODV); 90*90 (upper panel)& 60*60 (lower panel)]. 

 

 

 

 

 



 

 

 

 



Fig. 5. Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot of river 

water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the upper 250 m of 

the water column at transect 3/4 (see Fig. 1b). Station numbers of transects are indicated above 

upper panel and South (S) and North (N) orientation within lower panel. The different Basins are 

indicated by arrows below the transect plots. Note the different scale for the DFe depth profiles. The 

red bar in the lower panel indicates the region where water mass fractions are calculated using N/P 

ratio. [Gridding: DIVA gridding (ODV); 72*72 (upper panel)& 60*60 (lower panel)] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



Fig. 6. Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot of river 

water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the upper 250 m of 

the water column at transect 5 (see Fig. 1b).  Station numbers of transects are indicated above upper 

panel and South (S) and North (N) orientation within lower panel. Note the different scale for the 

DFe depth profiles. [Gridding: DIVA gridding (ODV); 72*72 (upper panel)& 60*60 (lower panel)] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 7. Dissolved Fe datapoints plot (upper panel) and transect plot of of river water fractions (color) 

and sea-ice meltwater fractions (contours) (lower panel) in the upper 250 m of the water column of 

the stations on the Laptev Shelf (see Fig. 1b). Station numbers of transects are indicated above upper 

panel and South (S) and North (N) orientation within lower panel. [Gridding: DIVA gridding (ODV); 

60*60 (lower panel)]. 

 

 

 

 

 

 



 

Fig 8a. Relation between DFe and Salinity in the upper 250 m. Red dots show all data, (smaller) black 

dots show all data points excluding stations 338/342 (see text section 5.4) and 407/411 (see text 

section 5.2). Correlation coefficient, p-value and N are given for the reduced dataset (black dots). 

Note the break within the DFe axis. 

 



 

Fig. 8b. Relation between the concentration of DFe (nM) and fraction of river water (%) for the whole 

water column in the Central Arctic Ocean (Shelf stations are excluded (Fig. 1b)). Fraction of Pacific-

derived water (%) is shown in color scale. The blue ellipse indicates the data points >50 m  at stations 

338 and 342 (see text for discussion). 

 

 



 

Fig. 9. Depth profiles in upper 300 m of DFe (nM), oxygen, salinity and salinity for stations 338 and 

342 located on the North American side of the Transpolar Drift. Processes influencing the 

concentration of DFe are indicated (see text for explanation). 

 

 

 

 

 

 



 

Fig. 10. Relation between Total Alkalinity and Salinity for the stations in the upper 250 m. DFe 

concentrations are shown in color. Mixing lines between Atlantic water and Eurasian (red dotted) 

and North American river water (red solid) and Pacific water and Eurasian (blue dotted) and North 

American river water (blue solid).  

Endmember concentrations are following Yamamoto-Kawaii et al. [2005]; Salinity: Atlantic water: 

34.87; Pacific Water 32.2 (mean of 32.7 [Ekwurzel et al, 2001] and 31.5 [Anderson et al., 1994]). Total 

Alkalinity: Atlantic water: 2306 μmol/kg and Pacific water: 2173 μmol/kg [Anderson et al., 1994]. The 

river endmembers are calculated using Sal=0 and alkalinity values of 1181, 845, 788, 1707, and 1540 

μmol/kg for the Ob, Yenisey, Lena, Yukon, and Mackenzie Rivers, respectively [Cooper et al., 2008] 

multiplied with the partial distribution of these rivers to the total endmember [Holmes et al, 2002].  

Gray arrows indicate sea-ice melting and sea-ice formation, relative to the Atlantic – Eurasian river 

water mixing line. Green ellipse includes the data points at ~50 m in the TPD (stations 309 – 333 and 

349 – 352) and orange ellipse indicates the waters at ~50 m north of the TPD. Laptev Sea data points 

(stat. 407 and 411) are surrounded by a blue square and are consistent with mixing with river water 

and a strong sea-ice formation/ brine input signal in the deepest layer of stat. 411 (see text section 

5.2).  



 

 

Fig. 11. Ratio total iron (TFe) over dissolved iron (DFe) for all points in the upper 100 m at shelf 

stations (open circles) and open ocean stations (closed circles). Shelf Sea Stations are indicated in Fig 

1b. 

 

 

 

 

 

 




