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Dissolved iron in the Arctic Ocean: Important role of hydrothermal 
sources, shelf input and scavenging removal
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[i] Arctic Ocean waters exchange with the North Atlantic, and thus dissolved iron (DFe) 
in the Arctic has implications for the global Fe cycle. We present deep water (>250 m)
DFe concentrations of the Central Arctic Ocean (Nansen, Amundsen and Makarov 
Basins). The DFe concentration in the deep waters varies considerably between these 
basins, with the lowest DFe concentrations (0.2-0.4 nM) in the Makarov Basin, higher 
concentrations (~ 0.45 nM) in the Amundsen Basin and highest concentrations 
(~0.6-0.7 nM) in the Nansen Basin. Atlantic input from the shelf seas and slopes 
enhances the DFe concentration in the Nansen Basin. Moreover, hydrothermal activity 
at the Gakkel Ridge causes a significant and widespread enrichment of DFe in the 
Eurasian Basins, at a depth of 2000-3000 m. Below this maximum, the important role 
of scavenging and absence of input sources are reflected in a strong relation with 
dissolved Mn (DMn) and in very low (<0.25 nM) DFe concentrations in the deepest 
(>3000 m) Amundsen and Makarov Basins. The depth profiles of DFe in the Arctic 
Ocean, notably in the Makarov Basin, deviate from the DFe distribution pattern 
observed in other parts of the world ocean.
Citation: Klunder, M. B., P. Laan, R. Middag, H. J. W. de Baai', and K. Bakker (2012), Dissolved iron in the Arctic Ocean: 
Important role of hydrothermal sources, shelf input and scavenging removal, J. Geophys. Res., 117, C04014, 
doi:10.1029/2011JC007135.

1. Introduction

[2] The trace metal iron (Fe) is an important factor in 
biogeochemical cycles o f the world ocean via its control of 
phytoplankton growth [Martin and Gordon, 1988; de Baar 
et. al., 1995; Bruland et al., 1995; Boyd et al., 2000; 
Turner and Hunter, 2001] and is therefore o f major impor
tance for marine ecosystems. In recent decades, major 
advances have been made in understanding the role o f Fe in 
global marine biogeochemical cycles [de Baar and de Jong, 
2001; Gregg et al., 2003; Parekh et al., 2004]. However, 
due to harsh conditions, data on trace metal concentrations 
in the Arctic Ocean are scarce [e.g., Measures et al., 1999; 
Middag et a l, 2009], in particular for deep waters. To the 
best o f our knowledge, it is restricted to one vertical profile 
o f DFe (<0.4 //m) concentrations in Baffin Bay, west of our 
study area, with DFe concentrations in the 4.5-11 nM range 
[Campbell and Yeats, 1982] and recently Nakayama et al. 
[2011] reported DFe data from the Canada Basin and
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Chukchi shelf. However, the Arctic region is o f importance 
in understanding the global distribution o f trace metals, such 
as Fe. The deep waters o f the Arctic Ocean are linked with 
the North Atlantic Ocean, renewing North Atlantic Deep 
Water (NADW) [Rudels et a l,  2005], which has been shown 
to play an important role in the Fe cycle in the Atlantic 
Ocean [Laës et a l ,  2003; Sarthou et a l, 2007] and Southern 
Ocean [Klunder et al., 2011 ; Chever et a l,  2010]. Moreover, 
the major role o f iron in nitrogen fixation raises the question 
whether the iron flux from the Arctic provides the increase in 
DFe in the Atlantic which is necessary for nitrogen fixation 
rates [Arrigo et a l, 2008].

[3] Hydrothermal vents have been shown to be an 
important source o f (dissolved) Fe in the deep world ocean 
[Klinkhammer et a l,  2001; Tagliabue et. a l ,  2010; Klunder 
et a l, 2012; Wu et. a l ,  2011]. Active vents have been iden
tified above the Gakkel Ridge [Edmonds et a l ,  2003]. These 
vents could be an important input soiuce for DFe in the deep 
Arctic Ocean. Another possible input soiuce o f DFe is dis
solution of resuspended particles originated from continental 
shelves. The transport o f DFe from shelf regions to deep 
waters has been reported in the North Atlantic Ocean [Laës 
et a l, 2007], North Pacific Ocean [Elrod et a l, 2004; Lam 
and Bishop, 2008], and around islands in the Southern 
Ocean [Ardelan et a l, 2010; Bucciarelli et a l, 2001]. The 
DFe input by shelf sediments may be even more important in 
the Arctic as shallow shelf seas comprise roughly one third 
o f the Arctic Ocean. The relatively large number o f particles 
transported from rivers and shelf seas to the deep basins may
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Figure 1. Chart of the Central Arctic Ocean, including the 
stations occupied during ARK XXII/2. Sampling stations 
for DFe are indicated (red dots) and in Figure la  station num
ber is annotated. Gray dots represent stations which are 
described by Klunder et al. [2012]. (a) Foiu different regions 
are indicated by a black dotted line. Hydrothermal vents as 
reported by Edmonds et al. [2003] are shown as yellow dia
monds. Largest diamond (red-yellow) shows the vent used 
for calculation in Figiue 10. (b) Flow directions [after Jones 
et. a l ,  1995] are indicated. Dotted arrow indicates deep 
(>2000 m) currents as proposed by Jones et al. [1995]. Indi
cated in red are the different branches o f Atlantic water (FSB, 
Fram Strait Branch; BSB, Barents Sea Branch). This figiue 
was created using Ocean Data View [Schlitzer, 2002].

shift the balance between organic complexation and scav
enging removal [Wu et. a l ,  2001] and allow DFe to be 
scavenged out o f the deep waters, resulting in relatively low 
concentrations for deep water.

[4 ] Within the framework o f the international IPY- 
GEOTRACES program trace metals were measiued diuing a 
cruise in the Arctic Ocean. This paper describes the cycle of 
DFe in the deep Arctic Ocean. The distribution of DFe in the 
Arctic Shelf seas and siuface waters can be found in the 
complementary manuscript [Klunder et a l, 2012].

2. M aterials and M ethods

2.1. Sampling and Analysis
[5] Seawater samples were collected diuing the ARK 

XXIE2 expedition of the RV Polarstern between 1 August 
and 23 September 2007. Sampling stations were located in 
the Eiuasian and Canada Basins; the cruise track is depicted 
in Figiue 1. At discrete depths, samples were collected using 
24 internal Teflon coated PVC GO-FLO Samplers (12 L; 
General Oceanics Inc.) mounted on a Titanium frame 
(Ultraclean frame) which was connected to a Kevlar hydro
wire with internal signal cables and controlled from aboard 
[de Baar et a l ,  2008]. The samples for iron analysis were 
collected from the GO-FLO bottles in a class 100 clean room 
environment [de Baar et a l, 2008]. Seawater was filtered 
through a 0.2 /un filter cartridge (Sartrobran-300, Sartorius) 
under nitrogen pressiue (1.5 atm.). For each depth replicate 
samples of dissolved iron were taken in 60 ml LDPE sample 
bottles and acidified to pH = 1 .8  with 12 M HCl (Baseline, 
Seastar Chemicals). All bottles, used for storage o f reagents 
and samples, were previously acid cleaned according to a 
three step cleaning procediue as described by Middag et a l  
[2009],

[ô] Dissolved Fe was measiued using flow injection 
analysis with himinol chemihiminescence, where samples 
were buffered in-line to pH = 4, using a 0.12 M ammonium 
acetate buffer (pH = 6.5). The Fe was pre-concentrated on an 
IDA Toyopearl AF-Chelate resin [Klunder et a l, 2011]. 
After pre-concentration, the column was rinsed (60 s) with 
de-ionized ultrapure (DI) water (18.2 M il) and Fe was eluted 
from the column (120 s) using 0.4 M HCl (Merck Suprapur) 
[Klunder et a l ,  2011]. Subsequently, this mixture was 
mixed (in a 1 m mixing coil at 35°C) with 0.96 M NH4OH 
and 0.5 M H20 2 (Merck Suprapiu) and 0.3 mM himinol 
(with 0.7 mM TETA) (Sigma chemicals). Pre-concentration 
time was usually 120 s, except for the Laptev Sea stations, 
where a short loading time (15 s) enabled detection of the 
very high concentrations present at this location.

2.2. Calibration and Validation
[7] The system was calibrated by standard additions of 

DFe (range 0.15-3 nM) to low DFe seawater. Initially fil
tered seawater from an earlier cruise (North Atlantic Ocean, 
water depth o f chi a maximum) was used as calibration 
water, during the cruise new seawater from the depth of the 
chi a maximum was used. Generally, calibration water 
contained <=0.2 nM DFe. When an outlying value was 
suspected for DFe, profiles of AÍ, Mn, and nutrients were 
considered to evaluate the consistency of the data point in 
question. In case no deviations were observed in the other 
parameters and both the initial and duplicate sample showed
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Figure 2. Color plot o f concentrations of dissolved Fe (nM) for transect 1 (see Figure la). Red dots indi
cate sample points. Station numbers are mentioned below the transect. White contour lines indicate a salin
ity of 34.95. This figure was created using Ocean Data View [Schützer, 2002].

an the exceptional value, the deviation in Fe-concentration 
was calculated, based on the values below and above. 
Briefly, the suspected outlying data point was considered as 
erroneous (likely due to contamination of the sample) in case 
the value positively deviated more than +25% from this 
calculated ‘'‘expected” profile based on the Fe-concentration 
above and below the data point [after Middag et al., 2009]. 
The total number o f data points for Fe during ARK XXII/2 
was 785. In total five data points were rejected, o f which 
three were situated in the deeper waters discussed in this 
manuscript. Data Set SI including stations positions, date, 
depth, nutrient data, DFe data, and total alkalinity is avail
able in the auxiliary material.1 The blank, the background 
concentration o f DFe in DI water and chemicals, defined as 
the amount o f photons measured when not loading any 
seawater onto the column, was 0.02 ±  0.02 nM (n — 41) on 
average and did not exceed 0.075 nM. The detection limit 
(3cr o f the blank) was 0.07 nmol I-1 . The amount o f DFe 
added to the sample by addition o f the equivalent o f 2 ml 
12 M F1C1 (Baseline, Seastar) per liter is <3 pmol per sample; 
this is deemed negligible [Klunder et al., 2011]. The accu
racy of the Fe Flow injection analysis system was verified by 
regularly analyzing SAFe D2 standard seawater. The results 
agreed well with the community consensus values: 0.92 ±  
0.057 nM, n = 24. (Reported values are 0.92 ±  0.03 (http:// 
www.geotraces.org).)

2.3. Other Parameters
[s] Dissolved manganese (DMn) and aluminum (DAI) 

were simultaneously sampled with DFe [Middag et al., 
2009, 2011]. Moreover, at selected stations Fe was mea
sured in different size fractions; a non filtered fraction giving 
the total dissolvable Fe (TDFe) concentration (measured 
after 1 year dark storage [Thumczy et al., 2011]), and an 
ultra-filtrated fraction, giving the Fe fraction smaller than 
1000 kDa. These results as well as the organic complexation 
o f Fe in the three size fractions are reported by Thumczy 
et al. [2011]. Data o f salinity and potential temperature 
were taken from the Ultraclean CTD. As an indication of 
particle concentration and presence, mostly light trans
mission data from the regular CTD is used, this CTD is

'Auxiliary materials are available at ftp://ftp.agu.org/apend/jc/ 
2011JC007135.

deployed (by Alfred Wegener Institute) at the same sta
tions just after the Ultraclean CTD deployment. At stations 
where no light transmission data were available, turbidity, 
from the turbidity sensor on the Ultraclean-CTD, is pre
sented. Nutrient data was measured from hydrocasts with 
the Ultraclean frame and regular hydrocasts, as described 
by Middag et al. [2009].

3. H ydrography

[9] Several transects were sampled from the extensive 
shelf waters into the Arctic Ocean’s interior, o f which the 
third and fourth transect extended as far east as the Mende
leev Ridge (Figure la). The main source o f water in the 
Arctic Ocean interior is surface and intermediate water 
flowing in from the North Atlantic Ocean (Figure lb). In the 
Arctic Ocean, the surface waters consist of the upper Polar 
Mixed Layer, freshened by ice-melt and outflow from the 
shelves. A strong, well defined halocline is found below the 
upper Polar Mixed Layer [Rudels, 2001]. The close to 
freezing temperatures yet strong salinity gradient with depth 
in the halocline prevents vertical mixing, which implies 
advective sources for the halocline waters above the Atlantic 
Waters [Rudels, 2001].

[10] Below the halocline waters, Atlantic and intermediate 
waters are observed. These Atlantic waters form a boundary 
current, along the continental shelves in the Arctic Ocean 
[Rudels et al., 2000]. This inflowing Atlantic water has two 
branches; the first one, almost unmodified warm, saline 
Atlantic water flows through Fram Strait (Fram Strait 
Branch (FSB)) following the Eurasian Basin slope. The 
second branch flows over the extended shelves o f the 
Barents Sea (Barents Sea Branch (BSB)), where it is modi
fied by brine-enriched shelf water (Figure lb). Incorporation 
o f freshwater from ice melt and terrestrial runoff to the 
Barents Sea causes the Barents Sea branch end-member to 
be colder and less saline than the Fram Strait branch. 
Schauer et al. [1997, 2002] reported the inflow o f BSB to 
the basin at depths between 200 and 1300 m and that 
this water is slightly less saline than the overlying Fram 
Strait Branch Water. Ekwurzel et al. [2001] defined 
Atlantic Water as water with salinity >34.9 and potential 
temperature (0) >3°C, although it gets colder and fresher 
during the transit through Fram Strait or over the Barents 
Sea shelf. During our cruise only very few data points
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Figure 3a. Concentration o f DFe (nM) and salinity profile o f station 246 (Barents Sea Slope). Turbidity 
is also indicated in arbitrary units, indicative o f particle concentration in the water.

showed a 9 > 3°C [.Middag et a l, 2009] but a salinity 
maximum o f >34.95 was observed at transect 1, 2 and 3 
(Figure 2). Due to mixing with low salinity waters this 
maximum was not observed at transect 5. Upon mixing, the 
boundary current follows a counterclockwise circulation, 
with a branch flowing along the Gakkel Ridge back to 
Fram Strait, a branch following the Lomonosov Ridge, and 
a branch crossing the Lomonosov Ridge and entering the 
Makarov basin (Figiue lb). The latter branch is largely 
influenced by sea-ice formation, brine rejection (i.e., 
increasing salinity) and subsequent formation and convection 
o f dense water along the slopes, causing the Canada Basin to 
be strongly influenced by shelf waters. This influence of 
slope convection causes the Canada Basin Deep Water 
(CBDW) to be less cold and relatively saline compared to 
Eiuasian Basin Deep Water (EBDW) | Rudels, 2001]. During 
this study the EBDW was observed in the Nansen and 
Amundsen Basins and defined as the deep (S  > 34.8) waters

with 9 < — 0.8°C and the CBDW as the deep waters with 
9 < — 0.4°C [after Middag et a l,  2009]. In this study, the 
CBDW observed in the Makarov Basin is named Makarov 
Basin Deep Water (MBDW). Finally, Atlantic and interme
diate waters are defined as those waters with 9 > — 0.8°C 
which are not part o f the siuface waters [after Middag et a l, 
2009],

4. R esults

4.1. Transects 1 and 2
[11] This paper focuses on the concentrations o f DFe in 

the deep waters o f the Arctic Ocean, and does not include 
shelf stations along transect 1 and 2 (Figiue 1). For shelf and 
upper water column DFe values see the companion [Klunder 
et a l, 2012].

[12] Above the continental slope o f the Barents Sea, in 
general relatively high DFe value’s of ^0 .9 -1 .0  nM were
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Figure 3b. Concentration of DFe (nM) and salinity profile o f station 285 (Kara Sea Slope). Turbidity is 
also indicated in arbitrary units, indicative o f particle concentration in the water.

observed from —200 m downward, with very high values at 
—400 m, at — 1000 m, and close to the bottom (—2000 m) 
(Figiues 2, 3a-3c, and 4). The inflow o f the Atlantic 
boundary layer was identified in the salinity, consistent with 
anomalies in the potential temperature (9) (not shown) and 
turbidity profiles at —500-800 m depth (Figiue 3a). Here, 
the DFe concentration decreased to —0.7 nM, a typical

concentration for (unmodified) Atlantic waters [Moore and 
Brancher, 2008].

[13] Three stations were sampled in the Nansen Basin at 
transect 2. These three stations are not sufficient to make a 
contoiu plot and the DFe distribution is thus depicted as a 
depth profile in Figiue 5. Concentrations o f DFe were rela
tively constant at 0.4-0.5 nM at --500 m. From 700 m to the
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Figure 3c. Concentration o f DFe (nM) o f station 400 (Laptev Sea Slope). Turbidity is also indicated in 
arbitrary units, indicative o f particle concentration in the water.

bottom, concentrations increased to 0.6-0.8 nM. In the 
upper 1000 m in the center o f the Basin, there was a dif
ference between the two transects; higher DFe (~'0.7 nM) 
was observed in the western part (transect 1 ), whereas lower 
DFe concentrations (<0.5 nM) were observed further east
ward (transect 2) (Figures 2 and 5). Below 1000 m, con
centrations increased to a very pronounced maximum with 
DFe concentrations ~1.3 nM at transect 1 and ~0.8 nM at 
transect 2. Moreover, at transect 2, two separate maxima 
were observed at --2250 and 3200 m. At both transects, 
concentrations decreased toward the bottom below the 
maxima.

4.2. Transect 3
[14] Concentrations <0.5 nM were observed in the upper 

1000 m o f transect 3, throughout all basins (Figiue 6).

Slightly higher (0.5-1 nM) concentrations were found above 
the shelf and slope o f the Nansen Basin. An intrusion o f high 
DFe (>1 nM) concentrations was observed from the Kara 
Sea shelf into the Basin just below the Atlantic water, at 
750 m depth, consistent with a lower light transmission 
signal observed between 400 and 800 m (Figiue 3b) indi
cating a relatively high particle concentration.

[15] A similar intrusion was observed slightly deeper 
below 1200 m depth with a small peak in DFe at 1700 m, 
which shifts to 1500 m depth further into the basin. This 
peak in the concentration o f DFe is highest (from 0.61 to 
0.84 nM) at the station closest to the shelf (station 291), 
where a similar maximum was observed in the depth profile 
o f DMn concentrations [Middag et a l,  2011]. At station 299 
this maximum was much less pronounced for the concen
tration o f DFe and disappeared frilly for DMn [Middag et a l.
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Figure 4. Dissolved Fe depth profiles of slope stations (bottom depth <3000 m). Station numbers are 
indicated. FJL, Frans Jozef Land; NZ, Nova Zemlya; SZ, Svemaya Zemlya. This figure was created using 
Ocean Data View [Schlitzer, 2002].

2011]. A very pronounced DFe maximum o f 1.71 nM 
was situated around 2500-3000 m depth above the Gakkel 
Ridge (Figiue 6, station 306). This maximum in DFe influ
enced the deepest waters (>2000 m) o f the Nansen Basin and, 
although less pronounced, the waters at 2000-3000 m in the 
Amundsen and Makarov Basins (Figiue 6).

[16] In the Amundsen Basin, the background concentra
tions o f DFe were in general <0.5 nM, but concentrations 
reaching --0.7 nM were observed at 2000-2500 m depth. 
Slightly higher DFe concentrations were found above the 
Lomonosov Ridge, and the concentrations o f DFe decreased 
again to very low concentrations <0.3 nM in the deep 
Makarov Basin waters (Figiue 6).

4.3. Transect 4
[17] The fourth transect comprises three stations situated 

on the Mendeleev Ridge (349), in the Makarov Basin (352) 
and over the Lomonosov Ridge (363), respectively. These 
stations are too far apart to show in a contoiu plot; therefore 
the vertical profiles are shown (Figiue 7). At all stations the 
high DFe concentrations in the siuface decreased to rela
tively constant concentrations (0.3-0.5 nM) between 200 
and 500 m depth. Enhanced DFe concentrations (~0.8 nM) 
were observed at 1000 m and 1750 m above the Lomonosov 
Ridge. In the Makarov Basin, a maximum in the DFe con
centration was observed at 1000 m, changing the trend of 
decreasing DFe with depth. In contrast, the Amundsen Basin 
stations showed a (slightly) increasing trend with depth 
between 1000 and 2000 m. Below 2000 m, a maximum at 
2250 m and a very low concentration at 2750 m were 
observed at both stations. Below 1500 m depth, the station in

the Makarov Basin showed a constant -~0.1—0.15 nM lower 
concentration compared to the Amundsen Basin.

4.4. Transect 5
[is] The fifth and last transect starts above the Nansen 

Gakkel Ridge approximately 0.6° southward and 12°

DFe (nM)

0.0 0.2

1000  -

£  2 0 0 0  - Q.
CDo

3000 -

4000 J

0 Station 261
0 Station 266
• Station 268

Figure 5. Depth profiles o f concentrations o f dissolved Fe 
(nM) for all open ocean stations o f transect 2. For clarity, 
connector line o f the upper 1000 m is excluded.
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Figure 6. Color plot o f concentrations o f dissolved Fe (nM) for transect 3 (see Figure la). Red dots indi
cate sample points. Station numbers are mentioned below the transect. White contour lines indicate a salin
ity o f 34.95. Basins: Nansen Basin at 100-500 km, Amundsen Basin at 500-800 km, and Makarov Basin 
at 1100-1500 km. Ridges: Gakkel Ridge at —500 km, Lomonosov Ridge at —800-1 100 km, and Alpha 
Ridge at —1500 km. This figiue was created using Ocean Data View [Schützer, 2002].
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Figure 7. Depth profiles of dissolved Fe for all open ocean stations o f transect 4. The inset shows DFe at 
a 1 nM scale.
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Figure 8. Color plot o f concentrations of dissolved Fe (DFe, nM) for transect 5 (see Figure la). Red dots 
indicate sample points. Station numbers are mentioned below the transect. Station numbers in red are not 
discussed in this manuscript but by Klunder et cd. [2012]. White contour lines indicate a salinity o f 34.95. 
This figure was created using Ocean Data View [Schlitzer, 2002].

eastward from the crossing of the Gakkel Ridge of transect 3 
(Figure 1). From here it follows a southeastward direction, 
along the Gakkel Ridge, Nansen Basin, Laptev Sea slope 
and the final station was located above the shelve o f the 
Laptev Sea (<100 m depth). Figure 8 shows the DFe con
centrations over transect 5. In general, the DFe concentration 
in the Deep Nansen Basin above the Gakkel Ridge was 
~0.6 nM. The elevated concentrations, as determined at 
2000-2500 m depth within transect 3, were hardly visible 
in transect 5. Flowever, deeper in the water column, at 
3000-3500 m depth, concentrations o f DFe were elevated, 
accompanied by elevated DMn concentrations [Middag 
et al., 2011] and potential temperature anomalies and 
transmission anomalies. In the middle o f the water column 
(1000-3000 m depth) concentrations o f 0.7-1 nM were 
observed, whereas above and below these depths, con
centrations decrease (Figures 7). An increase o f the DFe 
concentration from the slope into the basin was observed at 
~300 and at 1750-2000 m depth (Figures 3c and 4).

5. D iscussion

5.1. Sources and Sinks of Fe in the Arctic Basin
[19] The here observed data for the Nansen, Amundsen 

and Makarov Basins can be compared with DFe data from 
the Canada Basin and Chukchi Slope [Nakayama et a l,
2011]. Deep waters in the Canada Basin show relatively 
constant DFe concentrations (^0 .5 -0 .6  nM) similar to deep 
water concentrations in the Amundsen and Nansen Basins. 
The stations above the Chukchi slope show higher DFe 
concentrations (~0.9—1 nM) [Nakayama et a l,  2011], sim
ilar to shelf influenced DFe concentrations here observed on 
the Eurasian side of the Arctic Ocean. In this section we 
discuss the different factors influencing the the distribution 
o f DFe in the Deep Waters o f the Arctic Ocean, and give a 
comparison with DFe distribution in other ocean regions 
(Figure 9). The concentration o f DFe in the Arctic Ocean is 
determined by the DFe concentration o f its contributories 
(Atlantic and Pacific Water) (see section 5.1.1), in situ min
eralization (section 5.1.2), input sources within the Arctic 
Ocean (advection o f shelf derived water, re-suspended sedi
ment (section 5.1.3), hydrothermal sources (section 5.1.4),

and export processes (scavenging) and ligand binding and 
complexation capacity (section 5.1.5).
5.1.1. Interaction With the North Atlantic and North 
Pacific Oceans

[20] The main contribution o f the Arctic Ocean Waters 
is the inflow o f water from the North Atlantic via Fram 
Strait (FSB) or the Barents Sea (BSB) [Rudels, 2001] 
(Figure lb; section 3). Slightly higher DFe concentrations 
(^0 .8-0 .95 nM) at the depth o f the FSB inflow (high 6 
and salinity 200-400 m; Figures 2 and 3a) observed at 
transect 1 indicate high DFe in the Atlantic source waters. 
Strong geostrophic velocities as reported above the Yarmuk 
Plateau just north o f Spitsbergen [D'Asaro and Morison, 
1992], may cause particle resuspension. Flowever, because 
no significant turbidity increase is observed (Figure 3a), this 
is not very likely, unless dissolution and fast sinking of 
possible resupended particles have taken place. In general, 
the closer proximity to Fram Strait (thus Atlantic source) 
would explain the slightly higher DFe concentrations in the 
west part of the Nansen Basin compared to the east part 
(Figures 2, 5, and 9).

[21] Both the intermediate depth layers and the Polar 
Surface Waters (PSW) exit the Arctic through Fram Strait, 
west o f the Greenwich Meridian [Rudels et a l,  2005; 
Tanhua et a l,  2005]. At intermediate depth, this return 
current is situated close to the Gakkel Ridge (Figure lb) 
[Jones et a l,  1995] where relatively high Fe was observed. 
Also DFe-concentrations in PSW were relatively high 
[Klunder et a l, 2011]. These observations indicate that rel
atively high DFe concentrations are likely present in the 
Arctic contribution to the Iceland Scotland and Denmark 
Strait Overflow Waters, and would eventually augment DFe 
in North Atlantic Deep Water.

[22] In the Makarov Basin, at 2700-3000 m depth, low 
DFe concentrations were observed as well as distinct phos
phate and silicate maxima and a slight salinity minimum. 
This may reflect downslope convection o f waters from the 
surface, entraining in the deeper waters o f the Laptev and 
Chukchi slopes | Rudels. 2001]. Therefore the low DFe 
concentrations may be caused by either a low Pacific end- 
member concentration or biological depletion or enhanced 
scavenging of DFe during transit from the Pacific to the 
Arctic shelves [Klunder et a l ,  2011]. As [Aguilar-Islas
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Figure 9. Concentrations o f DFe (nM) over the different regions in the Arctic Ocean (Figure 1), aver
aged over depth intervals (250-500, 500-1000, 1000-2000, 2000-3000, 3000M000, 4000-5000, and 
5000-6000 m). Error bars indicate 95% confidence interval. For comparison, similar average values of 
vertical profiles are shown for the Southern Ocean, North Atlantic, and North Pacific.

et a l, 2008] reported DFe-concentrations o f 1.21-3.14 nM 
for North Pacific shelf stations, close to Bering Strait, we do 
not expect the Pacific soiuce water to be low in DFe. 
Moreover, the North Pacific water must flow over the Bering 
Sea Shelf, before reaching Bering Strait. Aguilar-Islas et a l
[2007] has shown that DFe increases to ~ 4  nM at the shelf 
domain. Therefore, biological depletion and/or loss due to 
scavenging seems to be the more likely cause for the low 
DFe concentrations [see also Klunder et a l ,  2011, and 
references therein].
5.1.2. Remineralization of Exported Biogenic Particles

[23] Remineralization o f biogenic particles exported from 
the mixed layer would theoretically be reflected in a sig
nificant (positive) correlation between DFe and major 
nutrients (silicate(Si), phosphate (PO4 ) and nitrate and 
nitrite (NO3 + NO2 ). Such a correlation is reported for DFe 
and (NO3 + NO2) and for DFe and Si in the North Atlantic 
Ocean {Middag, 2010]. Based on the relationship between 
AÍ and Si in the Arctic, Middag et al. [2009] concluded that 
dissolution of biogenic particles (mainly diatoms) must 
occiu in the Atlantic and intermediate layers in the Arctic 
Ocean. For DFe and Si (or DFe and NO3 + NO2 ) however, 
such a significant (positive) correlation is not observed in 
the Atlantic and Intermediate waters or in the deep waters

o f the Arctic Ocean. Moreover, 234Th/238U data from the 
same cruise showed that there was very little export o f 
organic carbon from the upper 1 0 0  m to deeper waters in 
the Arctic Basins | C ai et a l,  2010].

[24] This was confirmed by low organic carbon export as 
determined from PO4 deficit [Anderson et a l, 2003] and 
sediment traps [Fahl and Nöthig, 2007]. The 234Th/238U 
ratios integrate the POC export over the preceding 1- 
2 months, whereas the Al-Si relation reflects processes at 
longer timescales. Therefore, based on the Th/ U data 
and the absence o f the relationship between DFe and Si (and 
DFe and NO3 + NO2 ), we expect a relatively low influence 
o f remineralization of organic particles on the DFe input in 
the intermediate waters of the Arctic Ocean. Also, in the 
deep waters (MBDW and EBDW), we did not observe a 
significant positive correlation between DFe and Si (or 
(NO3 + NO2)). However, these waters display a strong input 
o f terrestrial material {Middag et a l ,  2009; Roeske et a l,
2 0 1 2 ], diminishing a possible biogenic particle reminer
alisation signal.
5.1.3. Fe Input From Adjacent Shelf Seas and Slopes

[25] Although TDFe concentrations above the Barents and 
Kara Sea shelves are high (6-60 nM) [Thumczy et a l, 
2 0 1 1 ], the concentration o f dissolved iron does not exceed
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that o f the slope and open ocean region (0.4-0.54 nM) 
[Klunder et al., 2012]. The station at transect 1, close to the 
shelf (station 246) shows a complex pattern o f different lay
ers. High potential temperature (0) and salinity indicate an 
Atlantic influence at —200-300 m depth (see section 5.1.1; 
Figiue 2a). There is a thin layer at —400 m, with low 0 and 
salinity, where also an enrichment in <5180  is observed (not 
shown), all indicative o f ice-melt influence [Ekwurzel et al., 
2001; Klunder et al., 2012]. Thus, meltwater influenced 
waters from the shelf may possibly explain the high DFe 
(1.22 nM) around this depth. Remarkably, the turbidity 
increase at —500 m depth, indicative of advective transport 
form the shelves, does not cause high DFe concentrations but 
higher DFe concentrations are observed at a smaller turbidity 
maximum at 900 m depth (Figure 5a). Toward the bottom, 
elevated DFe, consistent with turbidity (Figure 3a) and ele
vated Mn [Middag et al., 2011] indicates local resuspension 
at the slope. There is no sign of advective DFe transport far 
into the basin, as station 255 does not show enrichement in 
DFe (Figure 4). Also no advective transport is observed from 
the shelves into the Basin at transect 2 (Figures 4 and 5). 
Further east (stations 279-302), in the east part of the Nansen 
Basin, enrichment with DFe was observed close to the bot
tom of the Kara Sea slope (Figures 4 and 6). We suggest that 
the relatively low salinity and high turbidity corresponding to 
the DFe maximum (Figure 2b) are the result o f inflow of BSB 
water, which picks up particles from the shelf, and then enters 
the Nansen Basin at a depth o f between 500 and 700 m (see 
section 3.1). Dissolution o f Fe from these particles will then 
be the principal source of DFe. This process has been shown 
to enhance DFe levels in regions with strong geostrophic 
velocities, such as the northeast Atlantic [Laës et al., 2007] 
and above the New Zealand continental shelf [Croot and 
Hunter, 1998]. D ’Asaro and Morison [1992] and Schauer 
et al. [1997] reported internal wave mixing and eddies in 
the eastern Nansen Basin, which may have strong enough 
velocities to cause near-bed mixing and resuspension of 
sediments.

[26] Dissolution from these particles (>0.2 //m) during 
transport from the shelf seas to the slope regions, could 
cause the maximum in DFe concentration observed in the 
entire Nansen Basin at —750 m depth. The natural logarithm 
o f this maximum concentration of DFe (750 m depth) versus 
the distance into the Nansen basin (Station 285-302), results 
in the following equation:

LnDFe =  —0.0038 x distance (km) +  0.27, (1)

where R2 — 0.97, n — 6, and P  < 0.01.
[27] Beyond station 302, no elevated values were 

observed at 750 m depth. From equation (1), we can calcu
late a scale length (defined as the distance to reduce the 
dissolved iron to 37% (1/e) o f the initial concentration 
[Johnson et al., 1997]) o f 263 km. Johnson et al. [1997] 
reported a scale length of 5000 km at 1000 m depth in the 
east Pacific, off the coast o f California. However, the strong 
scavenging regime and the fact that the currents in the 
Nansen Basin are along rather than perpendicular to the shelf 
(Figure lb) can explain the order o f magnitude difference in 
offshore transport o f shelf derived DFe between the Nansen 
Basin and the east Pacific, where conditions for advective 
transport are more favorable [Johnson et al., 1997]. Laës

et al. [2007] observed that elevated Fe concentrations 
above the shelf, were not present —147 km into the North 
Atlantic Ocean, confirming that the long distance transport 
o f sediment derived DFe is strongly dependent on scav
enging and advective transport by currents [Laës et al., 
2003, 2007],

[28] More to the east, toward the Laptev Sea shelf, a 
maximum in DFe concentration was observed at 300 m, 
together with a turbidity maximum (Figure 3c). Because of 
the correspondance of DFe with particle load and the fact 
that this maximum is —700 m above the seafloor we suggest 
that that the elevated DFe at this station is caused by 
advective transport from the Laptev Sea shelf. The shallow 
(—50 m) Laptev Sea contains a large amount of particles and 
a high DFe (1.5-10 nM) [Klunder et al., 2011] and TDFe 
(—20-40 nM) concentrations (P. Laan et al., unpublished 
data, 2008). Lower in the water column, at —850 m, a tur
bidity and salinity maximum indicates the inflow of Atlantic 
water, possibly explained by the small fraction of Atlantic 
water coming through the Vilkitskij Strait, as reported by 
Aksenov et al. [2010]. Unfortunately, no DFe data is avail
able for this depth, however, it is visible as a small enrich
ment at 900 m depth at station 389 (Figure 4).
5.1.4. Fe Input From Hydrothermal Origin

[29] Hydrothermal vents are known to be an important 
source for iron in deep waters in the world ocean 
[Klinkhammer et al., 2001; Tagliabue eta!., 2010]. Edmonds 
et al. [2003] reported active hydrothermal vents in the Arctic; 
the most eastern vent was located at (85°39rN, 84°50'E), 
approximately 60 km from our station 306 (Figure la). 
Indeed, elevated DFe concentrations were observed at a 
depth o f 2000-3000 m in a large part o f the Nansen and 
Amundsen Basins, and less pronounced, in the Makarov 
Basin (Figure 6). The highest DFe concentrations were 
observed at station 306, suggesting that this station is located 
closest to the hydrothermal input source. Moreover, at this 
station between 2000 and 3000 m depth, Middag et al. [2011] 
observed over ten-fold higher DMn compared to background 
concentrations and anomalies in light transmission and tem
perature confirming the presence o f a hydrothermal vent 
source. Consistent with observations from the Southern 
Ocean [Klunder et al., 2011], hydrothermal enrichment in 
DMn and DFe but no enrichment in dissolved Aluminum 
(DAI) was observed in the Arctic Deep Waters [Middag 
et al., 2009, 2011],

[30] Based on a one dimensional scavenging model of 
Craig [1974], Weiss [1977] proposed an equation for 
removal o f DMn with distance from a hydrothermal vent 
source. Applying this idea to DFe, for the special case where 
the currents are neglected (v = 0) this equation is

C =  C0e-A , (2 )

where C is the concentration of DFe from the (hydrothermal) 
source (nM), C0 is the initial concentration o f DFe close the 
source (nM), x is the distance to the source (cm), and 
A  = ^[K k1 x T - 1] (Kh = 5 x IO6 cm2/s [Weiss, 1977] and 
r  = residence time (s)).

[31] Shown in Figure 10 are the DFe maxima at —2250- 
2750 m versus the distance, for the stations, o f transect 3 and 
transect 1 and 2 combined (only Nansen Basin stations). Also 
shown in Figure 10 are the calculated DFe concentrations with
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Figure 10. Trend of DFe (nM) with distance at the 2000-3000 m hydrothermal maximum in the Nansen 
Basin. Also shown is the calculated trend with distance using equation (2) (see text) and the residence time 
o f 5,6 year [after Moore and Brancher, 2008] and 15 year [after de Baar and de Jong, 2001].

distance, based on a residence time o f 5.6 years (reported for 
deep waters with strong scavenging regime by Moore and 
Brancher [2008]) and on a residence time of 15 years (lower 
end of range o f de Baar and de Jong [2001]). The value for 
Co — 1.95 nM (calculated from the fit o f transect 3 and transect 
1 and 2) (equation (2)).

[32] For transect 1 and 2, a higher DFe-concentration rel
ative to distance is observed. The best fit of these stations 
gives a residence time o f 14.4 years, close to the model for a 
residence time o f 15 years. For the parallel decreasing trend 
o f dissolved Mn a much shorter residence time o f 2 years 
was reported [.Middag et ed., 2011]. In contrast the stations 
o f transect 3 show a lower DFe with distance, and the best fit 
gives a shorter 4.7 year residence time. For the parallel 
decreasing trend o f dissolved Mn again a shorter residence 
time o f 0.4 year was reported [.Middag et al., 2011].

[33] The relatively more rapid loss of Mn versus Fe is in 
contrast with previous observations, for much higher con
centrations, very close to the hydrothermal source. For the 
Juan de Fuca Ridge, Field and Sherrell [2000] report a trend 
ofD Fe from 319 to 20 nM over the short distance o f 3.7 km 
from the vent soiuce, versus an apparent trend of DMn from 
193 to 27 nM. By implicitly assuming that the latter Mn 
trend is merely due to dilution, for DFe an apparent oxida
tion half-life of -~3.33 h was derived. Latter more rapid loss 
o f Fe versus Mn is in keeping with the generally more rapid 
inorganic oxidation of Fe versus Mn [Cow en et a l, 1990].

[34] The key difference between oiu observations at low 
concentrations and long distances, and the high concentra
tions and short distances over the Juan de Fuca ridge, is in 
the natiual organic complexation o f Fe in ocean waters. 
Briefly there is a general background level o f organic Fe- 
binding ligand o f 1.98-2.05 nM observed in the same 
samples over Gakkel Ridge [Thumczy et a l ,  2011]. Such 
Fe-binding ligand concentrations are typical throughout the 
world oceans. When the DFe concentration is near this

ligand concentration, most o f the DFe is stabilized in solution 
thus preventing scavenging loss. In contrast dissolved Mn is 
not organically complexed, hence will be scavenged more 
rapidly. At the very high DFe in the 20-319 nM range over 
Juan de Fuca ridge, the low —2nM ligand concentration is 
inadequate, the large majority o f dissolved Fe is inorganic, 
hence will be rapidly scavenged.

[35] The difference in residence time observed for transect 
1-2, and transect 3 is not expected within a uniform basin. The 
difference in DFe decrease may also be caused by the flow 
direction in the deep Arctic Ocean. Weiss [1977] showed a 
strong effect of velocity in removal with distance; a positively 
directed flow (v > 0; from the vent toward the location o f the 
stations) would cause a higher concentration for the same 
distance compared to the modeled fit (where v = 0 is assumed). 
Based on the flow patterns (Figiue lb), a positive flow is 
expected toward transect 1 and 2, whereas toward transect 3, 
more perpendicular to the currents, the direction is 0 or even 
slightly negative (Figiue lb). Although the data does not 
provide a definite conclusion, it seems likely that the differ
ent decrease patterns o f DFe with depth are related rather to 
flow patterns than to a (large) difference in residence time. 
To the best o f oiu knowledge, there is no data on specific 
residence times o f DFe with respect to hydrothermal input. 
Nevertheless, the fact that the residence time is between the 
range o f 15-41 yr published by de Baar and de Jong [2001] 
for the deep oceans worldwide and the 5.6 yr published for 
deep oceans with a high scavenging regime by Moore and 
Brancher [2008] supports a strong scavenging regime in 
the deep Nansen Basin.

[36] Hydrothermal vents are also reported at --37 ' 
(—3200 m) and —43°E (depth unknown) [.Edmonds et a l, 
2003] (Figiue lb). With the general northwest flow direc
tion, transect 1 was situated downstream of the flow direction 
whereas transect 2 was further away and upstream o f the flow 
direction (Figiue lb) [Rudels, 2001]. In the northwestern
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Figure 11. Dissolved Fe (DFe, nM), total Fe (TFe, nM), dissolved Mn (DMn, nM) and transmission 
signal (%) (smoothed) for station 372, indicative o f a hydrothermal plume.

Nansen Basin, station 260 showed the strongest concentra
tion increase o f >1 nM DFe at 2000-3000 m depth, whereas 
stations more to the east (station 261) (Figure 5) and south 
(station 258) (Figiue 2) show separate DFe maxima (of 
—0.1 nM above background) at —2200-2600 and —3200 m. 
However, the strong DFe maximum at station 260 may 
also be caused by two separate DFe-enrichments, as was 
observed in the Mn signal [.Middag et al., 2011 ]. The fact that 
this is the strongest signal, indicates that the hydrothermal 
plume which causes the DFe enrichment at 3200 m likely 
came from the north(-east) direction. Therefore we suggest 
that the elevated DFe concentration at —3200 m originates 
from the hydrothermal vents at 37° and/or —43°E as reported 
by Edmonds et al. [2003].

[37] Above the east part o f the Gakkel Ridge, from 
— 103°E (stations 371-373), the hydrothermal signal at 
—2500 m was not very pronounced in the DFe (Figiue 8). 
However, a signal was observed in the light transmission, 
temperature and DFe profiles at —3000-3500 m (Figiue 11). 
At station 372 (and 373) also total dissolvable Fe (TDFe) 
was measiued at high resolution below 2000 m depth as 
shown in Figiue 11. Although there are elevated concentra
tions o f dissolved Fe over a broad depth range from 2200 to 
3600 m depth, there is a local, stronger, maximum of total Fe 
(TDFe) at 3200-3360 m (Figiue 11). The stronger increase 
in TDFe relative to DFe in hydrothermal influenced waters 
is also reported by Boyle et al. [2005]. These findings are

coincident with increase in dissolved manganese and a local 
increase in 9 are observed at station 372, at a depth o f 3100- 
3300 m [.Middag et al., 2011].

[38] At station 372, a geostrophic velocity (relative to 
3000 m depth) o f close to 0 is observed, possibly preventing 
mixing of a hydrothermal soiuce with waters above and 
below. In contrast, at stations 371 and 373 stronger veloci
ties are observed (data not shown), possibly causing mixing 
o f a hydrothermal soiuce with surrounding waters.

[39] The increase in concentration in the hydrothermal 
plume is relatively low at station 372 compared to that at 
station 306 both for DFe and DMn [Middag et a l ,  2011]. 
The vents described by Edmonds et al. [2003] are all situated 
west of 84°E (Figiue 1) and to the best o f oiu knowledge 
there is no vent discovered east o f 85°E. The fact that the 
signal is only observed at station 372, may imply that the 
soiuce o f the hydrothermal signal observed at station 372 
comes from a thus far undiscovered vent in this region. 
Alternatively, the signal could be transported to the region of 
station 372 from further east. A strong hydrothermal soiuce 
is observed at —3200 m depth at 37°E [Edmonds et a l, 
2003] (Figiue la), which is situated slightly north o f the 
rift valley, i.e., on the Amundsen Basin side o f the ridge. 
Although the flow direction for water in the deep Amundsen 
Basin is westward | Rudels, 2001], an eastward return flow 
was proposed by Jones et al. [1995] for waters below 
2000 m water in the Amundsen basin, which may explain
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Table 1. DFe/N0 3  Three Ratios and DFe Concentrations in the 
Deep Waters in the Different Basins“

Basin

Nansen Amundsen Makarov

Water mass DEBW DEBW DMBW
DFe/NO^

Average 0.047 0.031 0.026
Standard deviation 0.017 0.007 0.013
nh 154 28 52
P° <0.05 <0.05
Decrease (%) 33% 16%

DFe (nM)
Average 0.70 0.47 0.39
Standard deviation 0.25 0.11 0.19
nh 157 28 52
P c <0.05 <0.05

aDEBW, Deep Eurasian Basin Water; DMBW, Deep Makarov Basin 
Water.

bFor three stations in the Nansen Basin there is no NOT data available.
cTwo-sided heteroscedastic T-test.

the observation of the elevated DFe signal so far from the 
source.
5.1.5. Fe in the Deep Waters: Deep Remineralization, 
Scavenging and Organic Complexation

[40] Generally, in the deep waters o f the world ocean the 
distribution of DFe is determined by an interplay o f (pas
sive) particle scavenging o f iron from the dissolved phase 
[.Johnson et al., 1997] and organic complexation \Wu and 
Luther, 1995; Wu et al., 2001]. The DFe distribution is 
also affected by the remineralization o f biogenic particles 
[Martin and Gordon, 1988; Sunda and Huntsman, 1995]. 
The distribution o f nitrate (NOT) throughout the water col
umn is determined by the process of biological uptake and 
remineralization and not by scavenging [Murray, 1992]. 
Therefore, the DFe/N0 3  ratio can give an indication o f the 
relative importance o f the scavenging regime (and com
plexation). For example, Sarthou et al. [2007] showed lower 
values of the DFe/NOT ratio were consistent with a stronger 
scavenging regime in the North Atlantic Ocean. In Table 1 
the average DFe/NOT ratios and DFe concentrations are 
shown for the deep waters (EBDW, MBDW) in the Nansen, 
Amundsen and Makarov Basin respectively. There is a sig
nificant difference in DFe/N0 3  between the Nansen and 
Amundsen Basins (—33%). Parekh et al. [2005] showed in a 
model study that decreasing the scavenging ratio by 40% 
results in a —0.1 nM increase in DFe in the deep global 
oceans. Scavenging removal of DFe is reported for all Arctic 
Basins [Thuróczy et al., 2011]. The difference in DFe 
between the Nansen and Amundsen Basins is 0.23 nM 
(Table 1), significantly larger than the difference in scav
enging removal that would be expected on the basis o f the 
DFe/N0 3  -  ratio and the model results of Parekh et al. 
[2005]. Possible explanations for this discrepancy are (1) 
larger input flux of DFe in the EBDW in the Nansen Basin 
or (2) lower or less strong organic complexation (resulting in 
more scavenging removal) in the Amundsen Basin com
pared to the Nansen Basin or a combination o f both factors.

[41] As discussed above (sections 5.1.2 and 5.1.4), there 
are strong input sources in the Nansen Basin, i.e., DFe input 
from the slope and hydrothermal DFe input. We argue that 
the difference in DFe between the Nansen Basin and

Amundsen Basin can be attributed mainly to the larger Fe 
input flux in the deep Nansen Basin, which is also consistent 
with the Al and Ba data (see section 5.1.2), rather than to 
differences in organic complexation. The organic complex
ation and size fractionation o f Fe is described by Thuróczy 
et al. [2011]. Briefly, for the size fraction <0.2 //m, ran
ges o f ligand concentrations (equation o f nM), binding 
strengths (-) and ligand saturation (Excess L/Fe) are 
1.82 ±  0.33, 22.01 ±  0.15, and 1.46 ±  0.44 for the EBDW 
in the Nansen Basin. The values for the Amundsen Basin 
are 1.57 ±  0.50, 21.59 ±  0.37, and 3.41 ±  0.6 respectively. 
In general, the fact that there is a higher reactivity yet lower 
saturation state o f the ligands in the Nansen compared to the 
Amundsen Basin make that the difference in organic com
plexation is difficult to quantify [Thuróczy et al., 2011]. We 
argue that the difference in DFe between the Nansen Basin 
and Amundsen Basin can be attributed mainly to the larger 
Fe input flux in the deep Nansen Basin, which is also con
sistent with the Al and Ba data (see section 5.1.2), rather 
than to differences in organic complexation.

[42] Between the Amundsen and Makarov Basin there is 
only a small decrease in the DFe/NOT ratio, which is con
sistent with the small decrease in DFe between both Basins 
(Table 1). Canada Basin Deep Water is relatively old com
pared to Eurasian Basin Deep Water as the latter water mass 
is stronger affected by downslope convection [Rudels, 
2001]. Therefore, the scavenging removal may have been 
going on for a longer time in the Makarov Basin. Moreover, 
in the Amundsen Basin hydrothermally originated DFe is 
present (Figiue 6), whereas this input source is very small 
for the Makarov Basin. The DFe scavenging removal as a 
consequence of lower reactivity o f ligands in the Makarov 
Basin will lead to a little saturated ligands. Ligand char
acteristics (ligand concentration, binding strength and satu
ration) are 1.35 ±  39, 21.64 ±  0.13, and 4.66 ±  0.45 
respectively [Thuróczy et al., 2011]. Therefore, we suggest 
that the difference in DFe input and in age between these 
water masses are the main factors controlling the DFe 
concentration.

[43] To take a closer look at the importance o f input fluxes 
relative to scavenging removal in the distribution o f DFe we 
look at the relationship between DFe an DMn in the deep 
water masses. The formula for scavenging removal is

Sc =k[Me\Cp, (3)

where Sc is the scavenging rate removal (nM d 1 ), k  is the 
scavenging rate (d 1 ), [Me] is the concentration of the metal 
(nM), and Gp = the concentration o f particles (-).

[44] The behavior o f DMn is similar to that o f DFe. 
Therefore if  the dominant process in the deep Arctic 
Ocean is scavenging, the relation of both metals is to be 
expected to be o f the form DMn = (aDFe)/b with a = 
Sc Mnkpe and b = Sc FekM„ (derived from equation (3)). In the 
deeper waters (>3000 m) o f the Amundsen and Makarov 
Basins (Figure 12), such a relation was observed, with 
R2 = 0.74 (n = 27). Here, the “external” Fe-input was very 
low, and therefore scavenging removal likely is the dominant 
process. Higher in the water column, and in the Nansen 
Basin, there are more factors, such as hydrothermal and 
slope input, influencing the DFe and DMn distribution in all
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Model fit 
0 Amundsen and Makarov Basin 

Nansen Basin

Modelfit All Data
Modelfit Nonhydrothermal Stations 

° Nonhydrothermal 
• Hydrothermal 

Near Slope Bottom datapoints

D Fe [nM]

Figure 12. Relationship between DFe (nM) and DMn (nM) for all data points within the DMBW and 
DEBW (see text). Stations indicated with ‘■‘hydrothermal” are stations 260, 261, 301-306, and 372. Inset 
o f Figure 12 at expanded scale: Relationship between DFe (nM) and DMn (nM) for all data points 
>3000 m. Makarov and Amundsen data points show a correlation: [DMn] (nM) = (0.15[DFe] (nM))/ 
0.75 with (R2 = 0.74, n = 27).

Arctic Basins, leading to a disappearance o f the DFe, DMn - 
relationship (Figure 12). Enrichment in DMn compared to 
DFe is observed in the stations qualified as “hydrothermal.” 
However, some data points in the Nansen Basin show rela
tively higher DFe compared to DMn (Figiue 12). A possible 
explanation may be that these waters are part o f a deep 
counter current as proposed by Jones et al. [1995]. The long 
transit time from the vents (situated more to the east) would 
then remove DMn relatively fast compared to DFe, resulting 
in the observed a relatively low DMn compared to DFe. The 
deepest, near-bottom data points o f the stations 255, 363, 
and 389 situated above continental and Mendeleev Ridge 
slope regions appear to be enriched in DMn, which may be 
derived from recent resuspension o f slope sediment [.Middag 
et al., 2011].

5.2. Implications for the DFe Cycle in the Deep Arctic 
Ocean

[45] Recently, Moore and Brancher [2008] compiled the 
available data and presented (averaged) depth profiles of 
DFe concentration in three world ocean regions (North 
Atlantic, North Pacific, and Southern Ocean). In Figiue 9 
similar plots for the Arctic Basins are shown (in the Nansen 
Basin discrimination is made between the east and west part 
o f the Basin) along with the profiles o f Moore and Brancher
[2008], updated with recent DFe data (M. Rijkenberg and 
P. Laan, unpublished data, 2011). There are clear interbasin 
deviations in the DFe concentrations; a relatively high 
(~0.7 nM) concentration o f DFe at 500-1500 m depth in 
the west part o f the Nansen Basin compared to the east part 
and an even greater difference compared to the Amundsen 
and Makarov Basins, is likely caused by inflow of North 
Atlantic Water (see section 5.1.1). In general, in the upper 
2000 m the concentrations decrease from the Siberian shelf

to the Canadian side, with highest concentrations in the 
Nansen Basin and lowest in the Makarov Basin. Also shown 
are recent DFe concentrations from the Canada Basin (only 
Slope and Basin stations included (B1-B3)), close to the 
Chuckchi plateau (150-160°W ,^75°N) [Nakayama et al., 
2011]. The high concentrations in the upper depth interval 
(250-500) may be caused by intense remineralisation (as also 
confirmed by AOU and nutrients) [Nakayama et a l, 2011]. 
Below, DFe gradually declines and deep water concentra
tions are ~~0.1 nM higher than those in the Makarov Basin, 
which could be attributed to slope influence (stations located 
nearby the slope) and to strong remineralisation, causing 
higher DFe at depth. No enrichment at --2000 m depth is 
observed in this part o f the Canada Basin. Moreover, the 
DFe distribution in the Arctic Ocean, particularly in the 
Makarov Basin, shows some deviation from the distribution 
in other regions o f the world ocean (Figiue 9). First o f all, 
although dissolved Fe concentrations in the upper layers in 
the Arctic can be high (>2 nM) [Klunder et a l ,  2011] the 
concentrations decrease readily with depth. The strong strat
ification largely prevents mixing between the deep waters 
and the siuface waters | Rudels, 2001]. Second, the hydro- 
thermal input is clearly visible in the Nansen and Amundsen 
Basins, resulting in a pronounced maximum in DFe at 
--2500 m, which is not present in the North Atlantic (maxi
mum at 1000-1500 m) and North Pacific (broad maximum 
(1000-3000 m). The hydrothermal maximum is absent in 
the Makarov Basin. Below this maximum, scavenging is the 
controlling factor and DFe concentrations decrease with 
depth, as also observed in other world oceans (Figiue 9). 
Third, in the Makarov Basin, the absence of input soiuces 
and the fact that the water is relatively old, cannot be (frilly) 
compensated by organic complexation leading to a strong
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scavenging removal and very low DFe concentrations 
(-0 .2 5  nM).

6. Summary and Conclusions
[46] The distribution of dissolved Fe in the deep waters of 

the Arctic Ocean deviates from that in all other regions of the 
world ocean. Moreover, there are strong differences between 
the different Arctic Ocean Basins. Over the whole Arctic 
Ocean, strong stratification largely prevents mixing between 
the deep water concentrations and the surface waters in the 
Arctic Ocean. However, DFe is transported from the shelf 
seas to the Arctic Deep waters, mainly by downslope con
vection and re-suspension o f sediment from the slopes. The 
Atlantic Ocean is the main source o f water to the Arctic, 
which is reflected in the higher Fe concentrations in the 
(western) Nansen Basin at intermediate depths. Reminer
alization o f Fe from biogenic particles appears to have a 
relatively low impact on deep water DFe concentrations. 
This may be due to a low POC export from the surface, in 
combination with a strong scavenging regime, which 
enhances fast settling. The hydrothermal input source above 
the Gakkel ridge causes DFe enrichment at a depth o f 2000- 
3000 m depth in most o f the central Arctic Ocean. Below 
this depth layer, scavenging plays an important role in the 
deep waters, whereas the effect o f organic complexation is 
relatively weak; concentrations decrease rapidly and reach 
very low values in the deep Makarov and Amundsen Basins. 
The high DFe concentration in the shelf waters flowing in 
the Central Arctic ((mainly) river derived [Klunder et al., 
2011]), and hydrothermal enrichment o f DFe to the Arctic 
Ocean will give a net addition o f DFe to the marine envi
ronment. Upwelling of these waters [Yang, 2009] may cause 
relatively high DFe concentrations in the PSW and inter
mediate waters, and eventually in the return flow to the 
North Atlantic Ocean.
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