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Quantification of dissolved iron sources to the North
Atlantic Ocean
Tim M. Conway1{ & Seth G. John1

precipitates on mixing with sea water, complexation with organic ligands
may facilitate the transport of Fe over great distances from vents10,11, leading to uncertainty (2–75%) in the contribution of hydrothermal Fe to
the dissolved Fe inventory5,11,12.
Stable isotope ratios of seawater-dissolved Fe (d56Fe) provide a novel
method13–15 of constraining Fe fluxes to the ocean, by ‘fingerprinting’ Fe
from different sources with distinct d56Fe (refs 8, 16). d56Fe spans ,4%
in marine environments, with sediments and bulk aerosols at ,0%
(refs 17–19), whereas dissolved Fe influenced by redox chemistry in hydrothermal vent fluids and reducing sediment pore waters is isotopically
light20–22. Here, using a new method15, which allows the determination
of d56Fe in sea water with 2s precision of 0.01–0.3% on 1-litre samples
as low as 0.05 nmol per kg Fe, we present the first oceanographic section of dissolved d56Fe. Samples were collected from 17 stations during
the US GEOTRACES North Atlantic GA03 Zonal Transect between
Mauritania and Woods Hole (25–37 point profiles, 510 samples; Fig. 1).
Patterns in dissolved [Fe] across the section (Fig. 2a) reflect regions of significant Fe input, with higher [Fe] observed in surface waters where dust
is deposited; within the Mauritanian oxygen minimum zone (OMZ; 100–
1,000 m, 18–35u W; Extended Data Fig. 1); at depths between 800 and
2,500 m extending from the North American shelf as far east as 55u W,
corresponding to Upper Labrador Sea Water (ULSW; W. Jenkins, W.
Smethie, E. Boyle and G. Cutter, personal communication); and near
the TAG hydrothermal vent field within the Mid-Atlantic Ridge (MAR)
rift valley (Fig. 3). We found that d56Fe in these four regions was distinct,
reflecting unique endmember d56Fe signatures of Fe sourced from dust, from
reducing and oxygenated sediments, and from hydrothermal vents. We
therefore used Fe isotope mass balance to calculate the relative proportion
of Fe from different sources at any point along the high-resolution section.
A striking observation about d56Fe (Fig. 2b) across the section is the
dominance of heavier-than-crustal ratios, as high as 10.6 to 10.8%, when
the known marine sources are either light8,20,22 or close to 0% (refs 17, 18, 21).
The surface mixed layer right across the section was dominated by d56Fe
values of 10.3 to 10.7%, which we attribute to fractionation of bulk
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Dissolved iron is an essential micronutrient for marine phytoplankton, and its availability controls patterns of primary productivity
and carbon cycling throughout the oceans1,2. The relative importance
of different sources of iron to the oceans is not well known, however,
and flux estimates from atmospheric dust, hydrothermal vents and
oceanic sediments vary by orders of magnitude. Here we present a
high-resolution transect of dissolved stable iron isotope ratios (d56Fe)
and iron concentrations ([Fe]) along a section of the North Atlantic
Ocean. The different iron sources can be identified by their unique
d56Fe signatures, which persist throughout the water column. This
allows us to calculate the relative contribution from dust, hydrothermal venting and reductive and non-reductive sedimentary release to
the dissolved phase. We find that Saharan dust aerosol is the dominant source of dissolved iron along the section, contributing 71–87 per
cent of dissolved iron. Additional sources of iron are non-reductive
release from oxygenated sediments on the North American margin
(10–19 per cent), reductive sedimentary dissolution on the African
margin (1–4 per cent) and hydrothermal venting at the Mid-Atlantic
Ridge (2–6 per cent). Our data also indicate that hydrothermal vents
in the North Atlantic are a source of isotopically light iron, which
travels thousands of kilometres from vent sites, potentially influencing surface productivity. Changes in the relative importance of the
different iron sources through time may affect interactions between
the carbon cycle and climate.
Low Fe concentrations limit nitrogen fixation and photosynthesis
over much of the oceans1, and so both temporal and spatial changes in
the supply of dissolved Fe to the oceans markedly affect both marine biogeochemistry and the global carbon cycle2. Changes in Fe supply to the
oceans from dust aerosols may have a role in interglacial–glacial climate cycling3, and changing future dust sources are likely to have a role
in future climate change4. Hydrothermal venting may vary less on short
timescales, perhaps serving to buffer dissolved Fe concentrations when
other sources decrease5. Sedimentary margins, especially where pore
waters are reducing, are a poorly constrained but potentially important Fe source6, the magnitude of which is likely to change with climateinduced variability in global patterns of dissolved oxygen, productivity
and organic-rich sediments.
Despite the clear significance of Fe to biogeochemical processes and
the global carbon cycle, large uncertainties remain over the relative importance of different Fe sources. Aerosol dust has traditionally been considered a major source of Fe to the surface ocean, especially close to major
dust sources4. However, constraints on atmospheric Fe fluxes are limited by an understanding of the dissolution of aerosol Fe, with estimates
of Fe solubility ranging from 0.1% to 80% (ref. 7). Similar uncertainties
complicate estimates of Fe flux from reducing continental-margin sediments, where much of the reduced Fe(II) precipitates on mixing with
oxic sea water. Fluxes based on water-column data can be three orders
of magnitude lower than fluxes based on porewater data at the same
location8,9, and global fluxes predicted from low-oxygen sediments are
an order of magnitude higher than observed fluxes from higher-oxygen
locations9. Equally, although most of the Fe in Fe-rich hydrothermal fluids
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Figure 1 | The cruise track of the US GEOTRACES North Atlantic GA03
Zonal Transect. The 2010 (USGT10, red) and 2011 (USGT11, orange) legs are
shown. Samples from 17 numbered stations were analysed in this study.
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Figure 2 | Dissolved Fe concentration and d56Fe results from the USGT
North Atlantic GA03 Zonal Transect. Station numbers are shown in blue for
USGT11 and black for USGT10, with sampling depths for each station shown
as black dots. The black vertical lines denote the crossover between the two
cruises at stations USGT10-12 and USGT11-24. The data set contains 510

samples. a, Dissolved Fe concentration (nmol kg21). b, Stable Fe isotope ratio as
d56Fe (%) relative to IRMM-014. The region of low dissolved oxygen
concentrations close to West Africa is delineated by the 120 mmol kg21
dissolved oxygen contour (grey dashed line). Dissolved oxygen concentrations
for the section are shown in Extended Data Figs 1 and 2.

aerosol (d56Fe < 0%; refs 18, 19) during dissolution16, perhaps as a result
of a ligand-mediated process concentrating heavier Fe isotopes with
strong Fe-binding ligands23. To best represent this aerosol Fe source in
source fraction calculations, we chose a value of 10.68% for the dust
endmember on the basis of the heaviest d56Fe values observed in the
surface mixed layer close to African and North American dust sources7
(Extended Data Figs 2 and 3 and Methods). Attribution of heavy Fe to
aerosol dust is also supported by both the signature of the deep Atlantic
away from other sources (10.68 6 0.06% (mean 6 s.d.)), where dust is
expected to dominate, and the light-isotope signature of the water column
in regions of the Southern Ocean24 (10.1%) and the North Pacific15
(20.8 to 10.1%; Methods) where dust deposition is low. We also note
that the overall pattern is inconsistent with the previously proposed surface

biological uptake and deeper regeneration of light Fe isotopes25. Instead,
we observed a subsurface excursion to lighter d56Fe values, coincident
with a subsurface [Fe] minimum and fluorescence maximum (Extended
Data Figs 2 and 3), which hints at the removal of heavy Fe from the dissolved Fe pool associated with biological activity and may be responsible for the slightly lighter surface ocean in the west of the basin, where
values of 10.2 to 10.5% were observed (stations USGT11-10 to 18)
within the deep surface mixed layer.
In the eastern basin, within the OMZ under the Mauritanian upwelling zone, light d56Fe signatures, as low as 20.5%, are characteristic of
Fe(II) released from reductive sediments into the water column8,22 (Fig. 2b).
We therefore assign a light-endmember value of 22.4% to Fe released
from reductive African margin sediments, on the basis of the Fe(II) flux
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Figure 3 | The influence of hydrothermal venting on dissolved Fe and d56Fe.
a, Location map showing USGT11 stations close to the Mid-Atlantic Ridge,
including the TAG hydrothermal site (USGT11-16), and bathymetry. Red
triangles show nearby black smoker vents (from the InterRidge website,
http://www.interridge.org/). b, Multiple oceanographic parameters from
stations USGT11-14 (blue lines), USGT11-16 (red lines) and USGT11-18
(green lines), together with Fe concentration and d56Fe (relative to IRMM-014).
The surface green horizontal band denotes the fluorescence maximum, the red

band (at 0.5 km depth) highlights subsurface hydrothermal Fe, and the broad
red band (at 2.6–3.3 km depth) denotes the hydrothermal plume sampled
directly at the TAG site, defined by temperature and salinity anomalies. The
dotted red line indicates the d56Fe of TAG fluids20, relative to IRMM-014.
Transmissometry (Trans., in volts) is shown, with low transmissometry values
within the plume indicative of a high concentration of suspended particles.
r.f.u., relative fluorescence units.
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Figure 4 | Quantification of the importance of sources to the dissolved Fe
reservoir across the North Atlantic section. The fraction (f) of dissolved Fe
across the USGT North Atlantic GA03 Zonal Transect originating from
reductive release from sediments (a), the Mid-Atlantic Ridge (b), non-reductive
release from sediments (c) or aerosol dust (d), as calculated by two-component
isotope mixing (see Methods). See Table 1 and Methods for a sensitivity
analysis on the choice of endmember values.

from sediments in the San Pedro basin8, and consistent with porewater
studies21. The observed 20.5% d56Fe at 50 m above the sediments therefore reflects a mixture between heavy background aerosol Fe (10.68%)
and light sedimentary Fe (22.4%). Using these endmember values, we
quantify the fraction of the high [Fe] near Africa originating from each
source. Within the OMZ (200–1,000 m) as far as 32u W, where the majority
of the Fe was previously attributed to aerosol dust on the basis of apparent oxygen utilization26, d56Fe-informed calculations indicate that shelf
advection contributes 10–30% of the dissolved Fe (Fig. 4). Within a few
hundred kilometres of the margin (USGT10-9), 20–30% of the dissolved
Fe throughout the water column originates in reductive sediments. Fe
from the margin is also transported out ,1,000 km throughout the deep
ocean, outside the OMZ, where dissolved oxygen was .160 mmol l21).
At the TAG site at the MAR, d56Fe within a hydrothermal plume
(2,900–3,600 m; Fig. 3) was as light as 21.35%, which we assign as the
hydrothermal endmember. The minimum in d56Fe was notably lighter
than vent fluids at TAG (20.4%; ref. 20), consistent with non-quantitative
oxidation of Fe21 and precipitation of oxyhydroxides on mixing of Ferich vent fluids with ambient sea water20. Hydrothermal Fe was present
up to 2 km above the TAG site (USGT11-16), as well as ,1,000 km to the
west at station USGT11-14, but there is no evidence that hydrothermal
Fe is transported eastwards to USGT11-18. Both light d56Fe above TAG
and a light excursion in d56Fe at 500 m across the centre of the basin
(Figs 2 and 3) suggest that there could be a significant hydrothermal
contribution to the surface gyre, potentially from shallower vents such
as Rainbow (2,220 m)20 or Lucky Strike (1,750 m)12, close to the Azores,
which have similar vent chemistry to that at TAG20. This supply of hydrothermal Fe to the surface ocean could act to buffer the dissolved Fe pool
against changing seasonal fluxes of aerosol Fe.
Close to the North American margin, dissolved Fe was distinctly isotopically lighter within the high-[Fe] region corresponding to Upper
Labrador Sea Water. Here, a d56Fe of 0 to 10.2% indicates Fe originating from a source with a d56Fe signature close to crustal values, either
Fe obtained during contact of the water mass with oxygenated margin
sediments or from well-oxygenated sediments in the Labrador Sea. The
presence of low-d56Fe closer to the surface at margin stations USGT11-1
and USGT11-2, outside ULSW, as well as associated with deep nepheloid layers as far east as Bermuda, indicates that sediments are the likely
Fe source. Paired measurements of dissolved and soluble [Fe] (0.2 and
,0.02 mm, respectively) near the margin suggest that colloidal iron (0.02–
0.2 mm), probably resuspended from sediments, dominates the dissolved
Fe (,0.2 mm) pool (J. N. Fitzsimmons, G. G. Carrasco, J. Wu, S. Roshan,
M. Hatta, C. I. Measures, T.M.C., S.G.J. and E. A. Boyle, unpublished
observations). Regardless of whether dissolved Fe in this region is sourced
from ‘non-reductive’ dissolution of sediments21 or from resuspension of
sedimentary colloidal Fe, both sources share near-crustal d56Fe values of
0–0.2% (refs 17, 21, 22). Using a crustal endmember (10.09%; ref. 17)
to represent these non-reductive sedimentary sources, we find that nonreductive release from oxygenated sediments is responsible for up to
100% of the [Fe] throughout the region dominated by ULSW (Fig. 4),
from the margin to past Bermuda.

Table 1 | Sensitivity analysis of the choice of endmember d56Fe value on calculated percentage source contributions
Aerosol dust endmember d56Fe value (%)

0.40 (no surface)
0.61 (no surface)
0.65 (no surface)
0.68 (surface)
0.68 (no surface)
0.70 (no surface)
0.75 (no surface)

Aerosol dust (%)

Reductive sediments (%)

Non-reductive sediments (%)

MAR hydrothermal (%)

Min.*

Fig. 4{

Max.{

Min.{

Fig. 4{

Max.*

Min.{

Fig. 4{

Max.*

Min./Fig. 4{{

Max.*

90.2
79.3
76.9
76.2
75.1
73.9
70.9

94.2
85.2
83.2
82.6
81.8
80.8
78.3

95.4
87.3
85.5
84.8
84.2
83.2
80.9

0.7
1.4
1.6
1.7
1.8
1.9
2.3

0.9
2.0
2.2
2.3
2.4
2.6
3.1

1.1
2.4
2.7
2.8
3.0
3.2
3.8

3.5
9.6
10.8
11.2
11.6
12.2
13.5

4.6
11.2
12.5
12.9
13.4
14.0
15.3

7.9
14.9
16.2
16.5
17.2
17.8
19.0

0.4
1.7
2.1
2.3
2.4
2.7
3.3

0.8
3.3
4.1
4.5
4.7
5.1
6.3

The primary sensitivity analysis of the choice of dust member (10.61 to 10.75%) provides the range of source contributions described in the text. The secondary sensitivity analysis (italics) additionally considers
the effect on source percentages from a lighter dust endmember (10.4%; see Methods). Sensitivity analyses were performed with 21.82%*, 22.40%{ or 23.45%{ for the reductive sedimentary endmember,
10.22%*, 10.09%{ or 0.00%{ for the non-reductive sedimentary endmember, 20.36%* or 21.35%{{ for the hydrothermal endmember, and with (surface) or without (no surface) the surface 250 m included.
Percentages calculated with the endmember d56Fe values used for Fig. 4 are shown in bold.
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By combining the fraction of Fe from various sources (f) obtained
from isotope mass-balance with [Fe], we calculated the section-wide contributions of each Fe source (Fig. 4, Table 1 and Methods). We also tested
the sensitivity of these calculations to varying the choice of endmember
d56Fe values (Table 1). We found aerosol dust to be the dominant source
of Fe to the North Atlantic, supplying 71–87% of the Fe along this section, whereas oxygenated sediments supplied 10–19% and dominated
the water column in the west. Despite the transport of hydrothermal Fe
great distances from vents, which supports the ‘leaky-vent’ hypothesis27,
the MAR was not a significant source of Fe across the whole section
(,1.7–6.3%). Here we show definitively that reduced sedimentary Fe
is advected throughout the OMZ near Africa, contributing ,1.4–3.8%
of the Fe across the section; this hints at a greater importance of reduced
sedimentary Fe worldwide than previously considered, especially in largescale OMZs such as those close to South America, where distal transport
of shelf Fe could be highly sensitive to climate-induced changes in ocean
oxygenation. Lower d56Fe in the Southern24 and Pacific15 oceans suggests that dust aerosol contributes less Fe in these areas, implying regional
variability in the sources and processes controlling the global distribution of dissolved Fe.
Sea water was collected with the use of clean procedures during the US GEOTRACES
North Atlantic GA03 Zonal Transect (USGT10, October to November 2010; USGT11,
November to December 2011), into Go-Flow bottles on the GEOTRACES rosette or
by surface towfish, and then filtered with 0.2-mm Pall Acropak-200 Supor cartridges into acid-cleaned 1-litre polyethylene bottles. Samples were later acidified to
pH ,2 with 12 M VWR Aristar ultra HCl and left for several months before being
processed. Samples were analysed at the University of South Carolina by Neptune
multiple-collector inductively coupled plasma mass spectrometry (MC-ICP–MS)
after the addition of a 57Fe–58Fe double spike, in accordance with published methods15.
[Fe] in each sample was calculated by isotope dilution, and 2% error was assigned
to account for weighing and pipetting error. Determination of [Fe] in reference
standards from the SAFe site in the North Pacific (30u N, 140u W), analysed alongside samples, showed excellent agreement with 2013 consensus values15. Stable isotope ratios are all reported relative to isotope standard IRRM-014:
#!
$
"
!
"
ð1Þ
d56 Feð%Þ~1,000| 56 Fe=54 Fe sample = 56 Fe=54 Fe IRMM-014 {1

We express error (see Supplementary Data) as the combined 2s standard internal
error of samples and standards, as described previously15. The distribution of [Fe]
and d56Fe was linearly interpolated with MatLab, first vertically then horizontally.
For fraction calculations (Fig. 4 and Table 1), we subdivided the section (below
250 m) into three boxes (Fig. 4), on the basis of the large-scale features of d56Fe and
[Fe]. Within each box the dissolved Fe was then described by mixing between two
Fe sources with distinct d56Fe signatures. Fe from western non-reductive sediments
(fnon-red, 10.09%), from the MAR (fhyd, 21.35%) or from eastern reductive sediments (fred, 22.40%) was mixed with a dust endmember (fdust; 10.68%) using twocomponent mixing:
56

56

d Fedissolved ~(f1 |d Fe1 )z(f2 |d Fe2 )
56

ð2Þ

where f and d Fe denote the fraction and isotopic signature from each source. A
sensitivity analysis of endmember choice is discussed in Methods and is shown in
Table 1.
Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Analytical methods. Sea water was collected with the use of clean procedures during the US GEOTRACES North Atlantic GA03 Zonal Transect (USGT10, October to
November 2010; USGT11, November to December 2011), into Go-Flow bottles on
the GEOTRACES rosette or by surface towfish, and then filtered with 0.2-mm Pall
Acropak-200 Supor cartridges into acid-cleaned 1-litre polyethylene bottles. Samples were later acidified on shore to pH ,2 with 12 M VWR Aristar ultra HCl and
left for at least several months before being processed. Samples were analysed at the
Center of Elemental Mass Spectrometry at the University of South Carolina by
Neptune multiple-collector inductively coupled plasma mass spectrometry (MCICP–MS) after the addition of a 57Fe–58Fe double spike, in accordance with published methods15. [Fe] in each sample was calculated by isotope dilution, and 2% error
assigned to account for weighing and pipetting error. Determination of [Fe] in
reference standards from the SAFe site in the North Pacific (30u N, 140u W), analysed alongside samples, showed excellent agreement with 2013 consensus values15.
Stable isotope ratios are all reported relative to isotope standard IRRM-014:
#!
$
"
!
"
d56 Feð%Þ~1,000| 56 Fe=54 Fe sample = 56 Fe=54 Fe IRMM-014 {1
ð1Þ

We express error (see Supplementary Data) as the combined 2s standard internal
error of samples and standards, as described previously15. Data for figures were averaged from two ICP–MS analyses, and, in some cases, from data from multiple 1-litre
samples at the same depth. The distribution of [Fe] and d56Fe was linearly interpolated with MatLab, first vertically then horizontally. Samples from within the hydrothermal plume (.2,700 m at station USGT11-16, defined by the temperature and
salinity anomaly shown in Fig. 3b) are not shown in Fig. 2 and were not used in
calculations and Fig. 4. For fraction calculations (Fig. 4 and Table 1), we subdivided
the section (below 250 m) into three boxes (Fig. 4), on the basis of the large-scale
features of d56Fe and [Fe]. Within each box the dissolved Fe was then described by
mixing between two Fe sources with distinct d56Fe signatures. Fe from western
non-reductive sediments (fnon-red, 10.09%), from the MAR (fhyd, 21.35%) or
from eastern reductive sediments (fred, 22.40%) was mixed with a dust endmember (fdust; 10.68%) using two-component mixing:
d56 Fedissolved ~(f1 |d56 Fe1 )z(f2 |d56 Fe2 )
56

ð2Þ

where f and d Fe denote the fraction and isotopic signature from each source. A
sensitivity analysis of endmember choice is discussed below and shown in Table 1.
Sensitivity analysis and d56Fe endmember choice. Figure 4, which shows the
relative contribution of various sources to the dissolved Fe pool, is based on a single
choice of endmember d56Fe value for each Fe source: 10.68% for dust, 22.40%
for reductive release from sediments, 10.09% for non-reductive release from sediments, and 21.35% for hydrothermal vents on the MAR. To account for uncertainty
in these endmember d56Fe values, we also performed a sensitivity analysis to test
the effect of changing endmember d56Fe on calculations of the fraction of Fe (f)
originating from each source. The results of this sensitivity analysis are presented
in Table 1. The motivation for our choice of endmember d56Fe for each source and
those used in the sensitivity analysis is described below.
Dust. The d56Fe dust endmember of 10.68% was chosen on the basis of the heaviest d56Fe values observed in samples from the surface mixed layer close to continental dust sources on both margins but away from the immediate influence of margin
sediments or biological processing (Extended Data Fig. 3). Across the section we
observe lower d56Fe associated with biological processes in the fluorescence maximum, suggesting preferential removal of isotopically heavy Fe from the dissolved
phase, leading to a lower d56Fe. Therefore, in constraining the dust endmember we
regard the mixed layer of stations close to dust sources, with relatively high surface
[Fe] and low macronutrient concentrations, in addition to high d56Fe, as being least
affected by deeper biological processing associated with the fluorescence maximum
or upward mixing of Fe with a lighter d56Fe signature. Close to North Africa, the
coincidence of higher [Fe], indicative of Fe supply from dust deposition, with heavier
d56Fe within the shallow surface mixed layer is clearly visible (Extended Data Fig. 3).
At stations USGT11-3 and USGT11-6, close to North America but away from the
direct influence of margin sediments, there is no pronounced surface maximum in
[Fe], but heavy d56Fe values are observed throughout the upper 200 m, where nitrate
is depleted, suggesting Fe input from dust deposition and a relatively smaller contribution from biologically influenced Fe than in the open western basin (Extended
Data Fig. 3). The surface dust endmember (10.68 6 0.11% (mean 6 s.d.); n 5 12)
is therefore based on samples from 2 m at USGT10-9 and USGT10-10, and ,150 m
at USGT11-3 and USGT11-6. The dust endmember value chosen is also in agreement with the average d56Fe of the deep ocean (10.68 6 0.06% (mean 6 s.d.); n 5 55),
away from Fe point sources, where we would expect dissolved Fe to reflect the integrated release of Fe from dust and biological particles (USGT11-12 , 2 km; USGT11-14,
USGT11-18, USGT11-20, USGT11-22 , 1 km excluding the 2–3-km-deep hydrothermally influenced region of USGT11-14).

A heavy d56Fe endmember for dust is also supported by the limited published
d Fe data from other oceanic regions where atmospheric dust deposition is low.
d56Fe values of 10.1% were reported from the surface 200 m in the Southern Ocean24,
where dust supply may be two orders of magnitude lower than close to West Africa7.
In the Pacific, where dust deposition is low and other Fe sources are likely to be more
important, limited data are available as yet. However, we reported15 values of 20.3%
at 1,000 m in D1 and D2 reference standards from the SAFe site, which are in close
agreement with a value of 20.3% at 1,000 m measured in a sample from the SAFe
site collected on the GEOTRACES IC2 cruise in May 2009 (T.M.C., unpublished
observations). In fact, d56Fe throughout the top 1,000 m at SAFe never exceeded
10.1% (20.8 to 10.1%), while the heaviest value was close to the surface, consistent with a heavy dust endmember that is less important in the surface Pacific
than in the Atlantic Ocean. Additionally, data from a station at 3u S 143.9u E in the
Equatorial Pacific, 30 km from Papua New Guinea, showed clear enrichment in [Fe],
with a d56Fe of 10.53% (ref. 25) close to the surface (40 m), in an area where Mn
and Al support25 the supply of Fe from atmospheric dust deposition.
For our primary sensitivity analysis (Table 1), we varied the d56Fe of the dust endmember from 10.61% to 10.75%, representing the 1s standard deviation around
the mean of 10.68% of all samples, in both the surface and deep ocean, where we
considered d56Fe to have been dominated by dust. We believe this range to represent our best estimate of the dust endmember, and so the values generated from this
primary sensitivity analysis are expressed within the text as our best estimates of the
percentage contribution of each source to the section. Although we believe that the
data set supports the use of 10.68 6 0.07% for the dust endmember, we note that this
value is higher than the average d56Fe from the shallow surface mixed layer (,40–
50 m) from the eastern stations (as far as 24.5u W) and from the surface ,200 m at
all other stations (10.41 6 0.17 (mean 6 s.d.)). We have tentatively attributed these
d56Fe values lighter than 10.68% to the influence of biological processing or other
sources (see discussion below), but we acknowledge that the processes controlling
the value of d56Fe for the dust endmember are not yet fully understood. To account
for this uncertainty in the choice of d56Fe for the dust endmember, we performed a
secondary sensitivity analysis with a lighter dust endmember of 10.4% (shown in
italics in Table 1). The use of this lighter d56Fe choice for the dust endmember increases
the calculated contribution from dust and decreases the relative importance of other
sources, resulting in 90–95% of Fe across the section contributed from dust, 0.7–
1.1% from reductive sedimentary release, 3.5–7.9% from non-reductive sedimentary release and 0.4–0.8% from hydrothermal vents. Thus, even with this lighter dust
endmember d56Fe, our primary conclusions that dust is the most significant source
of Fe to the North Atlantic, and that other sources contribute Fe to the dissolved
phase, do not change substantially.
Reductive release from sediments. We chose a d56Fe of 22.40% for the reductive
sediment release endmember on the eastern margin, on the basis of the modelled
d56Fe of Fe(II) released from sediments, which was calculated directly from fluxes
to the water column in the San Pedro Basin8, close to California. That study represents the most detailed investigation so far of reductive release d56Fe within the water
column itself; 22.40% is therefore the most appropriate d56Fe value for the reductive sedimentary endmember.
Although it is possible that light d56Fe values within the OMZ itself could arise
from fractionation under low-oxygen conditions, the overall distribution of the light
Fe is more consistent with lateral advection of reduced margin Fe, with low d56Fe
values more closely associated with proximity to sediments than with low oxygen
concentrations, especially at the margin station USGT10-9 (Fig. 2b). For the sensitivity analysis, we used the full range of marine sedimentary porewater data that exist,
from a number of different ocean basins (21.82% to 23.45%; refs 21, 22). The sensitivity analysis shows that the range in contribution from reductive sediments to the
whole section is small, varying from 1.4% to 3.8%.
Hydrothermal vents. It is possible that the range of hydrothermal d56Fe values within
the TAG hydrothermal plume (20.10% to 21.35%) represents either conservative
mixing of ambient sea water with light Fe (21.35%) from the concentrated regions
of the hydrothermal plume, or mixing of ambient sea water with hydrothermal Fe
that continues to fractionate as Fe(II) oxidizes and precipitates away from the vents,
such that the residual hydrothermal d56Fe matches TAG vent fluid d56Fe (20.36%;
ref. 20). To address this uncertainty, we performed a sensitivity analysis for hydrothermal d56Fe between 21.35% and 20.36%. This range for the hydrothermal endmember generates a hydrothermal contribution of 1.7–6.3% of Fe to the entire section.
Non-reductive release from sediments. The range in d56Fe for non-reductive sedimentary Fe release was chosen to include the full range of d56Fe values observed
within the Labrador Sea Water mass (0 to 10.22%; 0.8–2.5 km, the North American
margin to ,60u W; Fig. 2b) and the likely d56Fe signatures of crustal material (10.09
6 0.05%; ref. 17), oxygenated sediments (10.13 6 0.07%; ref. 17; 10.08 6 0.2%;
ref. 21), volcanogenic porewater colloids (10.16 6 0.05%; ref. 22) or Fe released
by equilibrium non-reductive dissolution (10.22 6 0.18%; ref. 21). Given that d56Fe
values of 10.22% measured in the deep ocean close to Bermuda must reflect both
56
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dust and non-reductive release from oxygenated sediments, a value closer to 10.1%
seems most appropriate for this source. Applying a total range of 0 to 10.22% in
d56Fe for the endmember for non-reductive release, we find that the total contribution from oxygenated sediments on the North American margin to the entire section
varies between 9.6% and 19.0%.
Surface ocean source calculations. We attribute the observed isotopically light
dissolved d56Fe associated with the deep fluorescence maxima and dissolved [Fe]
minima (Extended Data Figs 2 and 3) within the surface ocean to processes removing heavy Fe from the dissolved Fe pool rather than to a light Fe source. To address
this complication in calculations, we excluded this region from the two-component
isotope mixing calculations. Sensitivity tests were performed by either excluding
the upper 250 m or assuming that all Fe above 250 m was from dust. Because the
surface box represents only a small proportion of the ocean, we find that either choice

changes the contribution of dust by only ,1%, and the other sources by ,1% (see
Table 1). For Fig. 4, all the Fe in the surface 250 m was assumed to be from dust.
Surface d56Fe values of 10.2 to 10.5%, lighter than the 10.68% dust endmember,
probably arise from a small contribution of light Fe to the surface gyre from advection of margin sediments or shallow hydrothermal venting. Alternatively, the lighter
d56Fe values may reflect the removal of heavy Fe isotopes associated with biological
activity, either in situ or in the source regions for subtropical mode water28, which
dominates the top ,500 m of the Western basin (W. Jenkins, W. Smethie, E. Boyle
and G. Cutter, personal communication), and is depleted in nutrients and dissolved
Fe (Extended Data Figs 1 and 2).
28.

Palter, J. B., Lozier, M. S. & Barber, R. T. The effect of advection on the nutrient
reservoir in the North Atlantic subtropical gyre. Nature 437, 687–692 (2005).
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Extended Data Figure 1 | Multiple oceanographic parameters and
macronutrients from the USGT North Atlantic GA03 Zonal Transect.

The black vertical lines denote the separation between the 2010 and 2011 cruise
legs. Data supplied by Ocean Data Facility.
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Extended Data Figure 2 | Dissolved Fe and d56Fe (relative to IRMM-014)
results, multiple oceanographic parameters and macronutrients from the
surface 1,000 m of the USGT North Atlantic GA03 Zonal Transect.

The black vertical lines denote the separation between the 2010 and 2011 cruise
legs. Non-Fe data supplied by Ocean Data Facility. The Mauritanian OMZ is
delineated by the 120 mmol kg21 dissolved oxygen contour (black dashed line).

©2014 Macmillan Publishers Limited. All rights reserved

LETTER RESEARCH

Extended Data Figure 3 | Dissolved nitrate, dissolved Fe concentration and
dissolved d56Fe (relative to IRMM-014) from the surface 200 m of four
USGT GA03 North Atlantic stations where heavy d56Fe from dust
deposition is observed. The four stations were USGT10-9 (17.4u N 18.3u W),
USGT10-10 (17.4u N 20.8u W), USGT11-6 (37.6u N 68.5u W) and USGT11-3
(38.7u N 69.1u W). The blue bar denotes the surface mixed layer and the

green the fluorescence maximum at the two eastern stations (the fluorescence
maximum is dispersed throughout the mixed layer in the west). A 2s error is
shown for d56Fe where the value is larger than the point. The grey arrows
labelled D represent surface input of Fe from aerosol dust with a d56Fe of
10.68%. Nitrate data supplied by Ocean Data Facility.
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