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Abstract
Global warming resulting from the release of anthropogenic carbon dioxide is
rapidly changing the Arctic Ocean. Over the last decade sea ice declined in
extent and thickness. As a result, improved light availability has increased Arctic
net primary production, including in under-ice phytoplankton blooms. During
the GEOTRACES cruise PS94 in the summer of 2015 we measured dissolved iron
(DFe), nitrate and phosphate throughout the central part of the Eurasian Arctic.
In the deeper waters concentrations of DFe were higher, which we relate to
resuspension on the continental slope in the Nansen Basin and hydrothermal
activity at the Gakkel Ridge. The main source of DFe in the surface was the
Trans Polar Drift (TPD), resulting in concentrations up to 4.42 nM. Nevertheless,
using nutrient ratios we show that a large under-ice bloom in the Nansen basin
was limited by Fe. Fe limitation potentially prevented up to 54% of the available
nitrate and nitrite from being used for primary production. In the Barents Sea,
Fe is expected to be the ﬁrst nutrient to be depleted as well. Changes in the
Arctic biogeochemical cycle of Fe due to retreating ice may therefore have large
consequences for primary production, the Arctic ecosystem and the subsequent
drawdown of carbon dioxide.
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4.1. Introduction
The Arctic Ocean is the most rapidly changing region of our planet due to recent
global warming (IPCC, 2013); yet the central Arctic belongs to the least studied
parts of the Earth. Over the last decade, Arctic sea ice has been observed to
decline in extent (Stroeve et al., 2012; IPCC, 2014; Serreze et al., 2016) and
thickness (Haas et al., 2008; Serreze and Stroeve, 2015) and changed from
multi-year sea ice into more ﬁrst-year sea ice (Maslanik et al., 2011). The
largest decrease occurred between 2007 and 2008 resulting in the export of a
large part of the remaining thick ice through Fram Strait (Kwok et al., 2009).
The Arctic sea ice reached a record minimum extent of 3.41 million km2 on
September 16, 2012 (National Snow and Ice Data Center, 2012) with the fourth
lowest minimum on September 11, 2015 (National Snow and Ice Data Center,
2015).
Increased light penetration and nutrient availability during spring from earlier
ice breakup enhances primary production in the Arctic Ocean and its adjacent
shelf seas (Bhatt et al., 2014). The assumption has been for a long time that
primary productivity is negligible in waters beneath ice because of insuﬃcient
light (Arrigo and Van Dijken, 2011). However, large under-ice blooms have been
observed in the Barents Sea, Beaufort Sea, Canadian Arctic Archipelago,
Chukchi Sea and also in the Nansen basin (Strass and Nöthig, 1996; Fortier et
al., 2002; Mundy et al., 2009; Arrigo and Van Dijken, 2011; Ulfsbo et al., 2014)
suggesting that under-ice blooms are widespread. Most studies expect nitrate
to be the next limiting factor to determine primary productivity (Nishino et al.,
2011; Vancoppenolle et al., 2013; Fernández-Méndez et al., 2015; Tremblay et
al., 2015). However, in the Eurasian basin surface nitrate concentrations are
significant and even persist in summer (Codispoti et al., 2013). Light limitation
and/or grazing pressure have been suggested to prevent the full use of surface
nitrate here (Olli et al., 2007; Bluhm et al., 2015).
Another consequence of global warming is the increase in river discharge
(Peterson et al., 2002, 2006) which, combined with net loss of the Greenland
ice-cap and melting of sea ice, can contribute to freshening of surface waters
and increased stratification. However, the accumulation and distribution of this
fresh water is strongly influenced by the Arctic circulation (Rabe et al., 2014).
River discharge in the shelf-surrounded Arctic Ocean is a source of nutrients.
These nutrients, including dissolved Fe (DFe) complexed by humic organic
ligands (Laglera and van den Berg, 2009; Slagter et al., 2017), are transported
in the upper 50m through the Arctic Ocean by the transpolar drift (TPD) from
the Eurasian rivers over the central Arctic to Fram Strait (Gordienko and
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Laktionov, 1969; Gregor et al., 1998). The TPD track varies annually depending
on the Arctic Oscillation index (Macdonald et al., 2005).
These climate-induced changes will change the biogeochemical cycling and
therefore the distribution of many trace elements and isotopes. Of these Fe has
proven to be the most important trace element as its low concentrations limit
primary production in 30–40% of the global surface ocean and therefore
regulates ocean processes such as marine ecosystem dynamics and carbon
cycling (de Baar et al., 2005; Boyd et al., 2007). We do not directly expect Fe
limitation in the Arctic Ocean because of the above-mentioned input and
transport of DFe, confirmed by Klunder et al. (2012a). However, the results of
the present investigation proved otherwise. Arctic Ocean waters form an
important part of the global thermohaline circulation (Aagaard et al., 1985;
Rudels, 2015; Carmack et al., 2016). Changes in the Arctic biogeochemical cycle
of Fe will not only affect the Arctic ecosystem but will affect also the chemical
composition of for example the North Atlantic Deep Water. Gerringa et al.
(2015) assumed that the Arctic is a source of Fe-binding dissolved organic
ligands, since these decreased with distance from Fram Strait.
The deep water composition of DFe depends on the input of Atlantic water (200–
900 m) with more elevated DFe in the Nansen Basin, and on slope processes
with downwards convection of Fe released from resuspended sediments
(Klunder et al., 2012b). A major source in the Nansen Basin is the hydrothermal
activity at the Gakkel Ridge (Edmonds et al., 2003; Baker et al., 2004). These
three processes are not expected to be rapidly affected by climate change.
Scavenging, however, might be prone to changes due to a higher biological
activity in the euphotic zone, influencing the flux of sinking particles. According
to Klunder et al. (2012b) the reason why DFe in the deep Makarov Basin is so
low, is that sources affecting the Nansen Basin are absent.
To investigate if climate change could affect the biogeochemical cycle of Fe in
the Arctic Ocean we measured dissolved Fe, nitrate and phosphate throughout
the central part of the Eurasian Arctic during the TransArcII expedition between
August 15th and October 17th 2015 (FS Polarstern, PS94; Figure 1). We
compared the DFe with earlier work of Klunder et al. (2012a,b) on surface and
deep concentrations measured in 2007. We found a different hydrothermal
source of Fe than discussed by Klunder et al. (2012b).Using nutrient ratios we
showed that a large under-ice bloom in the Nansen basin was limited by Fe.
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4.2. Methods and equipment
4.2.1. Sampling
A total of 28 stations were sampled for DFe during the GEOTRACES TransARC
II cruise (PS94) on the German icebreaker RV Polarstern between 17 August
and 14 October 2015 (Figure 1). Two CTD systems were used, a standard
rosette sampling system equipped with a fluorometer for Chl a fluorescence and
an “ultraclean CTD” sampling system; both were equipped with a SEABIRD 911
CTD. The temperature and salinity data from the standard sampling system
were used for their higher spatial resolution (Rabe et al., 2016). The standard
system also employed an uncalibrated fluorometer for CDOM measurement in

Figure 1:

Station map of the ultraclean casts sampled during the TransARC II cruise (PS94) on
the German icebreaker RV Polarstern in the summer of 2015.The direction of the
Transpolar Drift is indicated with the broad grey-yellow arrow (Chapter 5). Stations
numbers are given in three transects, 1-3, the arrows give the direction in which
transects are presented in figures 2, 5-9. The grey line indicates the sea ice edge at the
time of sampling station 32 (23 August 2015, NSIDC database, 2015). Map and all
section plots following were generated using Ocean Data View 4 (Schlitzer, 2016).
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arbitrary units (a.u.; BackScat, Dr. Haardt). Samples for DFe and nutrients were
taken using 24 ultra-trace-metal clean polypropylene samplers of 24 L each
mounted on an all titanium frame with a SEABIRD 911 CTD system and deployed
on a 11 mm Dyneema cable without internal signal transduction cables. We used
the SBE 17plus V2 Searam in a titanium housing to provide power, save the
CTD data and close the sampling bottles at pre-programmed depths. After
deployment, the complete “ultraclean CTD” was immediately placed in an ISO
Class 6 clean room container, where samples for dissolved metals were filtered
directly from the polypropylene samplers over < 0.2µm Sartobran 300
cartridges (Sartorius) under pressure of filtered N2 (0.7 bar) applied via the topconnector of the polypropylene sampler (de Baar et al., 2008; Rijkenberg et al.,
2015). Filters were rinsed with approximately 700 mL seawater before use.
4.2.2. Calibration and detection limits
A five-point calibration in low iron containing seawater and blank determination
were made daily. The blank was determined as the intercept of the signals of
increasing preconcentration times (5, 10, 15 s) of the seawater used for the
calibration. The analytical blank was on average 0.007 ± 0.004 nM DFe (N =
32) and the average detection limit (defined as 3σ of the blank pre-concentrated
for 5 s) was 0.012 ± 0.007 nM DFe (N = 32). The Fe added by the Seastar acid
(maximum ∼0.4 pM) was ignored. Table 2 shows the measured DFe
concentrations in SAFe and GEOTRACES reference samples and their consensus
values. For the SAFeS1 consensus value our measurements, although low, fall
within the uncertainty values (Johnson et al., 2007).

Table 1

Detection limits, precision and accuracy in μM of the nutrients. The
precision in one run is calculated to check whether small differences in one
run are significant. The accuracy of the measurements of Si in the
reference material seems high, but the concentration is high.
PO4

Si

NO2

NO3

Detection limits

0.003

0.03

0.008

0.04

Precision Cocktail (in one run) n=12

0.002

0.06

0.002

0.02

Precision Cocktail (between runs) n=79

0.005

0.06

0.004

0.05

Precision Ref Mat. n=60

0.006

0.08

0.007

0.04

Accuracy Ref Mat. n=60

0.007

0.56

0.015

0.05
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4.2.3. Fe∗ Calculations
In order to investigate whether Fe can reach growth-limiting values we define,

Fe∗ = [DFe] − (Fe:GLnut) × [GLnut]
where (Fe:GLnut) is the average biological uptake ratio of Fe over the growthlimiting macronutrient (GLnut).Which of the macronutrients is expected to be
growth limiting can be determined from N/P plots. Surface waters in many
samples outside the TPD are depleted in N, or N will be the first macronutrient
to deplete when extrapolating the N/P slope. Therefore, the ratio Fe:GLnut will
be the uptake ratio of Fe:N (RFe:N).
As we don’t have any information about the Fe:nutrient ratios of the Arctic
phytoplankton communities we used two extreme scenarios based on phosphate
uptake ratios (RFe:P) from the literature assuming the Arctic phytoplankton
community to have Fe:nutrient ratios in between. Using the two extreme
scenarios,

one

with less

strict

limitation

assumptions

(RFe:P =

0.47

mmol·mol−1) and one with strict limitation assumptions (RFe:P = 0.18
mmol·mol−1), we show the minimum and maximum potential extent of Felimitation in the Nansen Basin. The less strict assumption (maximum extent Fe∗)
is hereafter indicated as scenario 1, the strict with scenario 2. The RFe:P of 0.47
mmol·mol−1 of scenario 1 was used in studies in Antarctic waters by Blain et al.
(2008) and Lannuzel et al. (2011) after Parekh et al. (2005). The RFe:P of 0.18
mmol.mol−1 of scenario 2 was recalculated based on the Redfield ratio
(106C:16N:1P), using the average Fe:Cratio of 0.17 µmol·mol−1 in Fe limited
Southern Ocean species according to (Strzepek et al., 2011), which is close to
the 0.18 µmol·mol−1 obtained from Fe:AOU relationships by (Sunda, 1997). As
N is the limiting macronutrient we have converted the reported RFe:P to RFe:N
using 14.14, being the slope of the N/P plot at depths below 100 m in the Nansen
Basin. A cut-off of 100 m was chosen since this is the maximum depth for
primary production due to light limitation.
4.2.4. Calculation Percentage Unused Nitrogen due to Fe-Limitation
To calculate the percentage unused nitrogen due to Fe-limitation we integrated
the sum of nitrate and nitrite concentrations over the upper 100m along our
transect in the Nansen basin (PS94, Station 40, 50, 54, and 58) and subtracted
the nitrogen used when all DFe would be fully used using the RFe:N of scenario
1 and 2 (Table 3). To express this as a percentage we used two estimates of
the background nitrogen inventory in absence of a bloom. For the first estimate
we integrated the sum of nitrate and nitrite concentrations over the upper 100
m of the Stations 255-1, 258-1, 260-2, 261-1 as measured during ARKXXII/2
(Klunder et al., 2012a). For the second estimate we integrated the sum of
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nitrate and nitrite concentrations over 100–200 m in the Nansen Basin (PS94,
Station 40, 50, 54, and 58).

Table 2

The values of SAFe and GEOTRACES reference samples
for DFe measured on board using flow injection analysis
based on luminol chemiluminescence during cruise PS94
in the Arctic Ocean. Also included are the SAFe and
GEOTRACES intercalibration consensus values (http://
www.geotraces.org/science/intercalibration). GS is a
GEOTRACES surface reference sample and GD is a
GEOTRACES deep reference sample.

reference sample

bottle#

element

measured value
nmol

n

kg-1

SAFe S

358

Fe

0.056 ± 0.004

3

GS

126

Fe

0.560 ± 0.044

10

GD

127

Fe

0.947 ± 0.041

9

SAFe D2

42

Fe

0.890 ± 0.046

7

SAFe D2

151

Fe

0.895 ± 0.021

6

SAFe D1

185

Fe

0.610 ± 0.082

10

Intercalibration consensus values as per May 2013:
reference value

Table 3

SAFe S

Fe

0.093 ± 0.008

GS

Fe

0.546 ± 0.046

GD

Fe

1.000 ± 0.100

SAFe D2

Fe

0.933 ± 0.023

SAFe D1

Fe

0.670 ± 0.040

The unused nitrogen due to Fe-limitation calculated for the different
RFe:N in mmol mol-1 as used in scenario 1 and 2 as percentage of two
different estimates of background of the sum of nitrate and nitrite
RFe:N

background nitrate + nitrite

Scenario 1

0.033239 nitrate + nitrite in 2007 (0-100m)

Scenario 2

0.01273

Scenario 1

0.033239 nitrate + nitrite in 2015 (100-200m)

Scenario 2

0.01273

nitrate + nitrite in 2007 (0-100m)
nitrate + nitrite in 2015 (100-200m)
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unused nitrogen (%)
54
8
37
5
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Figure 2 (page 70)
TS profiles and section plots of Transects 1-3. At the left side property-property plots
show potential temperature versus salinity (T-S, left) followed by depth profiles of
potential temperature (middle) and salinity (right) for those stations indicated in the
section plots of temperature (colourbar) and salinity (contours) of the transects (far
right). Station numbers are indicated above the transects. Polar Surface Water (PSW),
Eurasian Basin Deep Water (EBDW), Canadian Basin Deep Water (CBDW) Atlantic Water
(AW) and Arctic Atlantic Water (AAW) are indicated in the temperature sections. T-S
plots are scaled to detail small-scale variations to help characterize water masses after
(Rudels, 2008, 2012). Salinities of 34.5 are indicated in a thicker contour denoting the
PSW border (Rudels, 2008). Note the difference in scale for the transect 3 colour bar.

4.3. Results
4.3.1. Hydrography
The hydrography of the Transects I and II is described in detail by Slagter et al.
(2017; Chapter 5) using definitions by (Rudels, 2008, 2012) and is repeated
here briefly (Figures 2A,B). The Polar Surface Water (PSW) influenced by sea
ice melt and river water is characterized by potential temperatures <0 °C and
salinities <34.5. In the Central Arctic the PSW flows into the direction of Fram
Strait in the TPD (Gordienko and Laktionov, 1969; Gregor et al., 1998;
Macdonald et al., 2005). Atlantic Water enters the Arctic Ocean via Fram Strait
and is then called Arctic Atlantic Water (AAW), becoming colder and fresher on
its flow path along the continental slopes of the Nansen and Amundsen Basins.
This water mass between 200 m and 900 m has potential temperatures >0 °C
and higher salinities than the PSW and, in the Eurasian Basin, the underlying
deep water. The Lomonosov Ridge (sill depth approximately 2,000 m) separates
the Eurasian Basin Deep Water (EBDW) in the Nansen and Amundsen Basin with
potential temperatures down to −1 °C from the warmer and saltier Canadian
Basin Deep Water (CBDW, Figure 2).
One branch of the Atlantic water enters the Arctic Ocean via the Barents Sea
(Figure 2C) resulting in high potential temperatures and salinities (Rudels,
2012). The potential temperature decreases northward from Stations 173 to the
AAW at Station 147, close to Bear Island. However, at the stations close to the
Norwegian Coast the salinity in the upper 100m is lower than at similar depths
in the central Barents Sea, pointing to river input.
N was the limiting macronutrient in all surface waters during PS94 (Figure 3).

71

Figure 3
Concentrations of phosphate versus the
sum of nitrite and nitrate, in µM. In blue
>100 m, in red ≤100 m, the equations in AD show the linear relation for samples
>100m (blue dashed line), the equation in
E shows the linear relation for all depths
(black dashed line).
A) all samples; B) samples taken in the
Nansen Basin at stations 32, 40, 50, 54, 58
and 64; C) samples taken in the Amundsen
Basin at stations 69, 70,81,87, 91, 117,
119, 121 and 125; D) samples taken in the
Makarov Basin at stations 96, 99, 101, 130
and 134; E) samples taken at the shelf at
stations 4, 147, 149, 153, 157,161, 169 and
173 (see Figure 1 for the station locations).

Figure 4
Selected depth profiles of dissolved
Fe concentrations (DFe) in nM. A, B,
and C; upper 500 m of the Nansen,
Amundsen and Makarov Basins,
respectively; D: Barents Sea, E,F and
G, full depth profiles in the Nansen,
Amundsen and Makarov Basins,
respectively. Station numbers, basin
names and transects numbers are
indicated in the respective legends
(see Figure 1). Surface maxima and
offscale values are given in the
figures. Symbols for Transect 1 are
open, for Transect 2 filled and for
Transect 3 crossed. Error bars
indicate standard deviations (N= 2 or
3). Most error bars fall inside of the
symbols.

4.3.2. DFe
In the upper 100 m of the Nansen Basin DFe concentrations were extremely low
and ranged between 0.03 and 0.21 nM (Stations 32, 40, 50, 54, 58, 64; Figures
4A, 5A). At Station 32 in the transition between the Nansen Basin and the
Barents Shelf, DFe concentrations were low in the surface but ranged between
0.48 and 0.77 nM at depths below 100 m. These DFe concentrations were higher
than those found at similar depths at the more northerly stations in the central
Nansen Basin (Stations 40–58, 0.34, and 0.5 nM). This reflects both the inflow
of Atlantic water in the upper 1,000 m and the effect of sediment resuspension
at depths below 2,600 m, confirming findings by Klunder et al. (2012b) (Figures
4E, 5B). At the Gakkel Ridge (Station 70) a hydrothermal vent (Edmonds et al.,
2003; Baker et al., 2004) resulted in deep DFe concentrations between 0.91
and 1.50 nM at depths between 2,300 m and 2,850 m (Figures 4E, 5B).
In the Amundsen and Makarov Basins, DFe in the upper 100 m was high within
the boundaries of the TPD, defined in Chapter 5 as in-situ CDOM fluorescence
≥0.5 a.u. (0.5–4.42 nM, Stations 81–101; Figures 4B,C, 6A). Silicate and
phosphate were also high in the TPD whereas nitrate was only slightly elevated
compared to the same depths outside the TPD (Chapter 5). Station 117 at the
rim of the TPD had lower DFe concentrations of 0.51–1.81 nM, whereas at
Station 134 outside the TPD, DFe was even lower with 0.32–0.62 nM at depths
<100 m (Figures 4B, C, 6A). In the Amundsen Basin the deep DFe
concentrations remain between 0.5 and 0.6 nM at Stations 81–87 in Transect 1,
but are lower between 0.32 and 0.45 nM at Stations 117–125 in Transect 2 in
the more Eastern part of the Amundsen Basin (Figures 4F, 5B, 6B). In the
Makarov Basin the deep DFe concentrations are even lower (0.10–0.36 nM at
Stations 91–101, Figures 4G, 5B and Station 134, Figures 4G, 6B).
The DFe concentrations in the Barents Sea (Transect 3, Figures 4D, 7) are higher
than in the central Arctic. Concentrations in the surface vary from 1.54 nM at
Station 147 to 0.09–0.24 nM at Stations 149–161 and 0.4 nM at Station 169–
172. The deep concentrations vary even more, from9.73 nM at Station 147 to
0.47–1.41 nM at the other stations.
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Figure 5

DFe in nM in Transect 1, with A) the top 500m and B) the full depth. Station
numbers and basin names are given (see Figure 1). The white contours
indicate the border of the TransPolar Drift as defined in Chapter 5, which
was operationally defined as in-situ CDOM fluorescence ≥0.5 a.u. during the
same cruise. Black contours indicate DFe and have an equidistance of 0.1
nM for the range 0≤DFe≤0.5 nM and of 0.5 nM for the range 0.5<DFe≤4.5
nM.

75

Figure 6

DFe in nM in Transect 2, with A the top 500m and B the full depth. Station
numbers and basin names are given (see Figure 1). The white contours
indicate the border of the TransPolar Drift as defined in Chapter 5, which
was operationally defined as in-situ CDOM fluorescence ≥0.5 a.u. during the
same cruise. Black contours indicate DFe and have an equidistance of 0.1
nM for the range 0≤DFe≤0.5 nM and of 0.5 nM for the range 0.5<DFe≤4.5
nM.
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Figure 7

DFe in nM in Transect 3. Station numbers are given (see Figure 1). Black
contours indicate DFe and have an equidistance of 0.1 nM for the range
0≤DFe≤0.5 nM and of 0.5 nM for the range 0.5<DFe≤4.5 nM.

4.4. Discussion
4.4.1. Deep Basins
Sources of DFe to the deep Arctic are shelf seas, sediments and hydrothermal
vents. (Klunder et al., 2012b) concluded that Atlantic water transported through
Fram Strait carried DFe into the Nansen Basin (Figure 2). This was also the
source of the enhanced DFe at Station 32 between approximately 75 m and 750
m (Figures 4A, E, 5), where elevated DFe concentrations coincided with an
increase in the potential temperature and salinity. At our Station 32 below 2,000
m DFe was also elevated suggesting local sediment resuspension at the slope
as a source of DFe (Figures 4E, 5; Middag et al., 2011; Klunder et al., 2012b).
In general, with the exception of Station 70, we see that DFe concentrations
stayed constant or changed slightly between 1,000 m and the bottom
throughout the central Nansen and Amundsen basins (Figure 4). Deep DFe
concentrations were similar or slightly lower than deep DFe concentrations in
the North Atlantic and the North pacific (Moore and Braucher, 2008; Klunder et
al., 2012b; Rijkenberg et al., 2014). It is possible that a higher scavenging rate
indicated by stronger

230

Th scavenging as observed during this same expedition

(Valk et al. submitted) explains the lower deep DFe concentrations. In the
Makarov basin, DFe concentrations decreased below 100 m toward the bottom
(Transect 1 & 2, Figure 4G). The overall low DFe concentrations decreasing
toward the bottom are probably due to the absence of Fe sources in the Makarov
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Basin (Thuróczy et al., 2011; Klunder et al., 2012b). However, not only DFe
decreased with depth in the Makarov Basin, also the saturation state of the Febinding organic ligands decreased with depth in contrast to the Eurasian Basins
(Thuróczy et al., 2011; Slagter et al., 2017). This needs additional explanation
and indicates that scavenging might play a role here. Fitzsimmons et al. (2017)
showed the important role the dissolved organic ligands play in the exchange
between different dissolved and particulate Fe species in a hydrothermal plume
in the S-E Pacific. They describe reversible scavenging processes between
dissolved species, colloids and particles, where the driving factor is the presence
of empty sites of the organic ligands. Scholten et al. (1995) found that the
scavenging residence time of

230

Th was shorter in the Eurasian Basins than in

the Makarov Basin. During the same expedition of the present study, Valk (pers.
comm.) found even higher

230

Th residence times in the Makarov Basin than

Scholten et al. (1995). However, the residence time of water in the deep
Canadian Basins is longer (∼300 years) compared to the Eurasian Basins (∼200
years; Tanhua et al., 2009). According to Gerringa et al. (2015) the residence
time of Fe-binding organic ligands in the North Atlantic Deep Water is 2.5–4
times that of DFe. So perhaps a longer exposure to less scavenging had a net
removal result for organically complexed dissolved Fe, which has not necessarily
been recorded in the

230

Th signal. Our results again show how important it is to

understand and quantify the scavenging of DFe. (Tagliabue et al., 2016) raises
poorly constrained scavenging rates as key priority for improving the modelling
of iron in global ocean biogeochemistry models.
Hydrothermal input was found near the Gakkel Ridge with elevated DFe in the
Amundsen Basin (Figures 4F, 5), as was also observed by Middag et al. (2011)
and Klunder et al. (2012b). The position of the hydrothermal vent at the Gakkel
Ridge in 2007 during ARKXXII/2 was 85°39′N, 84°50′E. We found hydrothermal
activity in a more western direction at station 70 at 86°57′N and 55°49′E, one
of the many vent positions of the Gakkel Ridge (Edmonds et al., 2003; Baker et
al., 2004).
Klunder et al. (2012b) reported average concentrations for the Nansen,
Amundsen and Makarov Basins >250 m depth of 0.70 ± 0.25, 0.47 ± 0.11, and
0.39 ± 0.19 nM, respectively, for the 2007 expedition. Averages from the same
depth for our 2015 study were 0.47 ± 0.10, 0.51 ± 0.21, 0.24 ± 0.06 nM,
respectively. These data compare well although our data were lower in general.
Apparently Klunder et al. (2012b) sampled in more hydrothermally influenced
areas in the Nansen Basin, than we did in the Amundsen Basin, as shown by
higher average concentrations and standard deviations.
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4.4.2. Surface and Shelf
Sources of DFe to the surface Arctic Ocean are sea ice melt, atmospheric inputs,
lateral input from land with rivers as the main contributor, Atlantic inflow and
mixing with deep water.
Sea ice melt is found to be important in the Gulf of Alaska and the Bering Sea
(Aguilar-Islas et al., 2008, 2016) which feeds the coastal blooms alleviating Fe
limitation; but we did not find distinct proof of the importance of sea ice melt as
an Fe source in the Arctic during our cruise. However, Lam et al. (2006)
concluded that melting sea ice provided substantial DFe to the water column.
The additional DFe input from melting sea ice is thought to become important
for biological uptake for under ice and ice edge blooms. Most of our stations in
Transects 1 and 2 had sea ice cover (Stations 32-134 were ice covered, Figure
1), and DFe concentrations were low outside the TPD (Figures 4A–C, 5).
Apparently microbial utilization hid any contribution from melting sea ice at
these locations.
Although the potential influence of dust input is acknowledged not much is
known from dust input in the Arctic Ocean (Bullard, 2017). In Transect 3 we did
see increased DFe in the surface at Station 147 (Figures 4D, 7). Although this
might be due to dust input, as DFe concentrations were high throughout the
depth profile, lateral transport from Svalbard, Bear Island (North of Station 147)
or sediment resuspension may be more likely explanations. The CTD
transmission data (not shown) was slightly lower at stations in the Barents Sea
(4.35–4.55 a.u.) compared to the deep open Arctic (4.62– 4.63 a.u.). In the
Barents Sea the transmission became lower in the 100 m toward the bottom,
with a corresponding increase in DFe (Figures 4D, 7) except at Station 169 and
173, where no transmission data was available (Station 173) and DFe did hardly
increase near the bottom (both 169 and 173).
According to literature (Lam et al., 2006; Brown et al., 2012) lateral transport
from the coast, shelves and land-fast-glaciers, with or without further transport
by mesoscale eddies, is feeding the blooms over nearby Canadian Basin. In the
present study the major driver of such lateral transport is the TPD (Gordienko
and Laktionov, 1969; Gregor et al., 1998; Macdonald et al., 2005). The TPD is
the major surface current over the Arctic Ocean transporting sea ice and river
water from the Arctic shelf seas toward Fram Strait. Its influence on the
distribution of Fe is distinct (Klunder et al., 2012a; Slagter et al., 2017).
According to Klunder et al. (2012a) ice melt resulted in a relatively small
increase in DFe relative to the effect of the TPD. Outside the TPD, in the Nansen
Basin (Stations 32, 40, 50, 54, 58, and 64), surface concentrations of DFe were
very low and coinciding with under ice bloom (Figures 5, 8).
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To investigate if Fe could become a limiting factor for this under ice bloom
preventing the full use of the macronutrients, as described in the method section
(Fe∗ <0), we calculated Fe∗ for both the Klunder data as well as our own (Parekh
et al., 2005; Blain et al., 2008; Lannuzel et al., 2011). Nitrogen is generally
considered to be the limiting macro nutrient in the Arctic Ocean (Nishino et al.,
2011; Vancoppenolle et al., 2013; Fernández-Méndez et al., 2015; Tremblay et
al., 2015) and was the limiting macronutrient during PS94 (Figures 3A–E). Using
the data of Klunder et al. (2012a), potentially Fe-limiting waters were only found
at depths below 300 m in the Makarov basin. These Fe∗ values <0 coincide with
low DFe explained by scavenging of DFe by particles (Thuróczy et al., 2011;
Klunder et al., 2012b). However, in the present study we do find Fe limitation
in the Nansen Basin (Transect 1). All results showed Fe∗ <0 in the surface of the
Nansen Basin. The extent of potential Fe limitation (Fe∗ <0) depends on the
assumptions (Figure 9). It is unknown what the biological uptake ratio and its
variation is in the Arctic Ocean. Twining et al. (2015) showed that RFe:P varied
significantly between phytoplankton species in the North Atlantic Ocean. We
show that Fe-limitation exists in the Nansen Basin under any known RFe:P
(Figure 9A). However in Transect 2 and 3 only phytoplankton with higher Fe
requirements will become Fe limited. Our stringent RFe:P has lower Fe
requirements as obtained via N:P found for phytoplankton in the Canadian Basin
representative for those shelf seas by Mills (personal communication by Mills
referring to Tremblay et al., 2008; Bergeron and Tremblay, 2014; Mills et al.,
2015), using that N:P ratio the area of Fe∗ <0 occurrence would be larger.
Along Transect 3 DFe is also low (i.e., 0.08 nM at Station 169 at 10–25 m depth)
and the macronutrient concentrations between Stations 153 and 169 are not
depleted. The N:P slope for depths >100 m is inconclusive here. Extrapolating
the N:P slope for all depths (Figure 3E), nitrogen would be the first to be
depleted, but phosphorous would also be low. Like Transects 1 and 2 we used
nitrogen as macronutrient to calculate Fe∗, and indeed Fe∗ <0 also occurs here,
though only in scenario 1 (Figure 9).
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Figure 8
Chlorophyll a fluorescence in
arbitrary units in the upper 200 m
of Transect 1. Station numbers
are given and the thick grey line
at the top indicates sea ice cover
(see Figure 1).

Figure 9

Fe* in nM in the upper 500 m and full depth of Transects 1 (page 81), 2 and 3 (page 82) according to two scenarios.
numbers and basin names are given (see Figure 1).

Scenario 1 (A) and scenario 2 (B). The black contour indicates where F*≤0, with an equidistance of -0.1 nM. Station

The increase of light by melting of the sea ice and the subsequent increase of
primary production, and as a consequence a larger consumption of available
nutrients, has been discussed by others predominantly in the Pacific part of the
Arctic Ocean (Arrigo et al., 2008; Tremblay and Gagnon, 2009; Vancoppenolle
et al., 2013; Bhatt et al., 2014). Nitrogen limitation has been anticipated to
occur (Vancoppenolle et al., 2013; Bluhm et al., 2015). However, the possibility
of Fe limitation has not yet had any attention, although Taylor et al. (2013)
found co-limitation by light, nitrate, and iron in culture experiments in the
Beaufort Sea. In the Eurasian Basin Codispoti et al. (2013) and Bhatt et al.
(2014) both mention light and grazing as the reason why macronutrients are
not removed, in contrast to our results. Empirically based extrapolations
presented by Arrigo and Van Dijken (2011) show that when the Arctic sea ice
cover during summer minimum falls to zero, total annual primary production
could reach ∼730 TgC year-1 (a ∼48% increase over the 1998–2009 average).
In a warming Arctic Ocean, ice cover decreases releasing primary producers
from light limitation. We here show that Fe may become the next limiting factor.
In the Nansen Basin, depending on the RFe:N scenario and the estimate of the
background concentration of nitrate + nitrite, between 5 to 54% of available
nitrate + nitrite would remain unused for the production of biomass due to Fe
limitation (Table 3).
The TPD, driven by Atlantic and Pacific inflow to the shelf seas with an estimated
transition time across the Arctic Ocean of 3 years (Gregor et al., 1998), forms
an important distribution pathway for DFe from the rivers and the shelves to the
surface of the Eurasian Central Arctic. The TPD track and relative contributions
of the different shelf seas is known to vary with the Arctic Oscillation index
(Macdonald et al., 2005). Surface concentrations of DFe inside the TPD are
expected to be dictated by a strong riverine influence (Bauch et al., 2011;
Klunder et al., 2012a; Roeske et al., 2012; Rutgers van der Loeff et al., 2012;
Chapter 5). One major impact of climate change is the thaw of permafrost soil
(Stedmon et al., 2011; Schuur et al., 2015) resulting in an increase in DOM
released into the Arctic Ocean (Vonk et al., 2012, 2013). These rivers also
transport Fe containing particles and colloids into the Arctic Ocean contributing
to an increase in DFe (Hirst et al., 2017). Chapter 5 shows that transport of DFe
with the TPD through the Arctic Ocean is facilitated by complexation with humic
substances as part of DOM. We could therefore expect that the TPD will become
more important in the distribution of DFe throughout the Arctic Ocean and via
Fram Strait to the Atlantic Ocean.
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4.5. Conclusions
This study identified sediment resuspension along the continental slope and
hydrothermal venting at the Gakkel Ridge as sources of DFe to the deep Nansen
and Amundsen basins, respectively, confirming the findings of (Klunder et al.,
2012b). The longer residence time of the deep water together with the absence
of sources of DFe to the deep Makarov basin results in concentrations of DFe
decreasing toward the bottom due to the net removal of DFe by scavenging.
Scavenging of Fe and other trace elements is the most important sink
warranting further research.
The most important source of DFe to the surface of the Arctic Ocean is the TPD,
transporting river water with high concentrations of Fe complexed by organic
ligands (Chapter 5) from the Arctic shelf seas toward Fram Strait. As an effect
of climate change, the increase of DOM entering the Arctic Ocean with the rivers
may allow more Fe to be organically complexed in the dissolved phase and
transported by the TPD. Climate change resulting in sea ice melt and therefore
increasing light availability will increase DFe uptake by increasing primary
production. In the present study we found Fe to be limiting in the Nansen Basin.
Depending on the Fe requirements of the Arctic microbial community Fe has the
potential to also limit primary production in the Barents Sea. So depending on
how climate change will affect the role of the TPD in the provision of DFe to the
surface of the Arctic Ocean Fe limitation may either be alleviated or exacerbated
in a future Arctic Ocean.
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