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As an essential micronutrient, iron plays a key role in oceanic
biogeochemistry. It is therefore linked to the global carbon cycle
and climate. Here, we report a dissolved iron (DFe) isotope section
in the South Atlantic and Southern Ocean. Throughout the section,
a striking DFe isotope minimum (light iron) is observed at inter-
mediate depths (200–1,300 m), contrasting with heavier isotopic
composition in deep waters. This unambiguously demonstrates
distinct DFe sources and processes dominating the iron cycle in
the intermediate and deep layers, a feature impossible to see with
only iron concentration data largely used thus far in chemical
oceanography. At intermediate depths, the data suggest that
the dominant DFe sources are linked to organic matter remineral-
ization, either in the water column or at continental margins. In
deeper layers, however, abiotic non-reductive release of Fe (de-
sorption, dissolution) from particulate iron—notably lithogenic—
likely dominates. These results go against the common but over-
simplified view that remineralization of organic matter is the
major pathway releasing DFe throughout the water column in the
open ocean. They suggest that the oceanic iron cycle, and there-
fore oceanic primary production and climate, could be more sen-
sitive than previously thought to continental erosion (providing
lithogenic particles to the ocean), particle transport within the
ocean, dissolved/particle interactions, and deep water upwelling.
These processes could also impact the cycles of other elements,
including nutrients.
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Since the discovery that Fe is a limiting factor for phyto-
plankton growth (1), numerous studies have attempted to

better constrain its cycle, sources, and sinks, and the processes
occurring within the water column. Although atmospheric dust
dissolution has long been thought to be the main source of dis-
solved iron (DFe) to the open ocean, the last decade has seen
numerous studies suggesting other potential sources of DFe to the
ocean. These include dissolution and/or desorption from conti-
nental margin sediments with or without Fe reduction, riverine
inputs, and hydrothermalism (2).
Whereas the oceanic iron cycle is partially controlled by bi-

ological processes, it is, unlike major nutrients, widespread in the
water column in the particulate form, notably as lithogenic par-
ticulate iron. It is a particle-reactive element, sensitive to scav-
enging processes (i.e., adsorption/desorption onto/from sinking
particles). Recent work suggests continuous exchange between the
dissolved and particulate iron phases (3, 4), as previously proposed
for thorium and protactinium (5), rare earth elements (6), and
copper (7). The relative importance of these organic and inorganic
processes in the control of the iron cycle remains largely unknown,
however, thereby restricting the validity of oceanic biogeochemical
modeling involving this element and thus its use in ocean research.
Iron isotopes have emerged as a new powerful tool to constrain

the Fe sources and oceanic cycle (3, 4, 8–17). The isotopic

signatures of the various iron sources to the ocean are summarized
in Fig. 1. It can be inferred from these diverse signatures that iron
isotopes will bring new constraints on DFe sources to the ocean. In
addition, several processes involved in the iron cycling within the
water column (e.g., biological uptake, remineralization, scavenging,
adsorption, desorption, dissolution, precipitation, organic com-
plexation, and redox processes) may fractionate iron isotopes
(14, 18–22). Hence, such isotopic fractionations may also bring
additional constraints on the iron cycle within the water column.
Few existing studies report dissolved δ56Fe [δ56DFe, expressed

here as the 56Fe/54Fe ratio relative to the Institute for Reference
Materials and Measurements (IRMM)-014 reference material]
values in the open ocean. Dissolved δ56Fe ranges from −0.13 to
+0.21 ± 0.08‰ in the Southeastern Atlantic (8), from −1.35 ±
0.03‰ to +0.80 ± 0.06‰ in the North Atlantic (4, 11), and
from −0.03 ± 0.07‰ to +0.58 ± 0.08‰ in the Equatorial Pa-
cific (3, 10). However, there is a lack of iron isotope data in high-
nutrient low-chlorophyll (HNLC) areas, despite the fact that iron
plays a critical role in these areas where it limits primary pro-
duction. Here, we report a section of DFe isotopic compositions
in the South Atlantic and Southern Ocean. Its dominant feature
is a striking DFe isotopic minimum (light DFe, ranging from
−0.17 to −0.74‰) found at intermediate depth (200- to 1,300-m
depth), all along the section from the subtropical domain to the
Weddell Gyre, contrasting with heavier DFe in the deeper layers.

Significance

Iron is an essential micronutrient for life. However, its scarcity
limits algae growth in about one-half of the ocean. Its cycle is
therefore linked to the global carbon cycle and climate. We
present an iron isotope section from the Southern Ocean. In
contrast to the common but oversimplified view, according to
which organic matter remineralization is the major pathway
releasing dissolved iron below the surface layers, these data
reveal other dominant processes at depth, likely abiotic de-
sorption/dissolution from lithogenic particles. This suggests
that the iron cycle, and therefore primary production and cli-
mate, may be more sensitive than previously thought to con-
tinental erosion, dissolved/particle interactions, and deep
water upwelling. These processes likely impact other elements
in the ocean.

Author contributions: F.L. designed research; C.A., F.L., and A.R. performed research; C.A.,
F.L., A.R., and C.P. contributed new reagents/analytic tools; C.A., F.L., A.R., and F.P. ana-
lyzed data; and C.A., F.L., and F.P. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: The data have been deposited in the GEOTRACES database,
www.egeotraces.org/.
1To whom correspondence should be addressed. Email: francois.lacan@legos.obs-mip.fr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1603107114/-/DCSupplemental.

858–863 | PNAS | January 31, 2017 | vol. 114 | no. 5 www.pnas.org/cgi/doi/10.1073/pnas.1603107114

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1603107114&domain=pdf
http://www.egeotraces.org/
mailto:francois.lacan@legos.obs-mip.fr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603107114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603107114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1603107114


This pattern, invisible to iron concentrations, demonstrates con-
trasted DFe origins in these different layers. We suggest that, al-
though biological material remineralization processes dominate at
intermediate levels, non-reductive release of DFe from particles
(notably lithogenic ones) dominates in the deep ocean.
Samples for this study were collected on board the French R/V

Marion Dufresne from February 8 to March 24, 2008 in the Atlantic

sector of the Southern Ocean, which partly lies within a HNLC
area, during the Bonus/GoodHope (BGH) cruise (GEOTRACES
cruise GIPY4). Fig. 2 shows the studied area, with the five stations
where the samples were collected, together with the main ocean-
ographic fronts and currents. The section crosses the Antarctic
Circumpolar Current (ACC), which is the world’s largest current. It
is therefore located in a highly dynamic area. A detailed descrip-
tion and understanding of the currents and the water masses they
carry is therefore absolutely essential for data interpretation. Ac-
cordingly, before comparing the Fe isotopic compositions of the
different samples, we first need to ensure that these may be related
to each other, either because they belong to the same water mass
(i.e., the same reservoir), or because the different water masses to
which they belong are related through mixing processes.
Apart from the Agulhas Current carrying waters from the In-

dian Ocean westward—the Indian influence being observed down
to ∼1,500-m depth (23)—the flows across the section are domi-
nated by eastward currents, the ACC and the Northern limb of the
Weddell Gyre (24). Superimposed on this intense zonal circula-
tion, there is a slow meridional and vertical circulation, schema-
tized in Fig. 2. Its effects are clearly visible from meridional
sections of water mass tracers, such as salinity and dissolved oxy-
gen concentrations shown in Fig. 3. The hydrographic properties,
potential temperatures, salinities, and dissolved O2 concentrations
from the five stations, highlighting the main samples and water
masses discussed below, are displayed in Fig. 3 and Fig. S1.

Results
DFe concentrations and isotopic compositions are shown in Figs.
3 and 4 (and Fig. S2 and Dataset S1; these data are also available
from the GEOTRACES database; www.egeotraces.org/). Con-
centrations range from 0.05 to 0.89 nmol·kg−1. They tend to
decrease from north to south with maximum values in S1 close to
the African margin, minimum values in S4 in the ACC, and then

Fig. 1. Isotopic composition of iron sources to the ocean (in per mill relative
to IRMM-014). DFe, PFe, and TFe stand for dissolved, particulate, and total
iron, respectively. References used in the figure are as follows: continental
crust (49); lithogenic aerosols (50); marine aerosols (3); rivers (ref. 51 and
references therein); submarine groundwater discharges (52); hydrothermal
fluids (53); hydrothermal plumes (11); sediment reductive dissolution (9, 12);
non-reductive release of DFe from sediments (3, 10, 17).

Fig. 2. Studied area. (Left) Background colors indicate sea surface temperatures (14-d average centered on March 1, 2008, MODIS data; map produced by the
Colorado Center for Astrodynamics Research, data viewer using data from the Group for High Resolution Sea Surface Temperature). S1 to S5 are the five
sampled stations. Colored lines indicate front locations, from ref. 54. Arrows schematize the trajectories of the water masses in which the DFe isotope minima
were found. (Right) Schematic representation of the meridional and vertical circulation in the Southern Ocean adapted from Talley et al. (24). Front locations,
zones, and water masses are indicated. Neutral density isolines (γ) (in kilograms per cubic meter) from the BGH cruise are shown in red. Sample locations are
shown by black dots. Acronyms: AABW, Antarctic Bottom Water; AASW, Antarctic Surface Water; AZ, Antarctic Zone; CSW, Continental Shelf Water; CZ,
Continental Zone; I-AAIW and A-AAIW, Antarctic Intermediate Water of Indian and Atlantic origins; I-CW, Indian Central Water; I-UCDW, A-UCDW, and DP-
UCDW, Indian, Atlantic, and Drake Passage Upper Circumpolar Deep Water; LCDW, Lower Circumpolar Deep Water; -M, middle branch; -N, northern branch;
PF, Polar Front; PFZ, Polar Frontal Zone; -S, southern branch; SACCF, southern ACC front; SAF, Sub-Antarctic Front; SAZ, Sub-Antarctic Zone; SB, southern
boundary of the ACC; SE-NADW and SW-NADW, Southeast and Southwest North Atlantic Deep Water (dil, diluted); STF, Subtropical Front; STZ, Subtropical
Zone; SZ, Southern Zone; WDW, Warm Deep Water; WSBW, Weddell Sea Bottom Water; WW, Winter Water.
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increase again in station S5 in the Weddell Gyre. Profiles of DFe
display a typical nutrient-like shape, with a surface minimum and
an increase with depth. DFe isotopic compositions range from
−0.74 to +0.47‰. The δ56DFe values become more negative
when going from the subtropical domain in S1 to the south in
the ACC domain (S4). These δ56DFe negative values remain in
the Weddell Gyre, in S5. At each station, and in contrast to the
quasi-monotonous increase of Fe concentrations with depth, a
prominent δ56DFe vertical minimum is found at intermediate
depths (Figs. 3 and 4, and Fig. S2). The samples where this
minimum is found are indicated by red diamonds in the diagram
in Fig. S1. This diagram highlights the different water masses car-
rying this signal: different varieties of Antarctic Intermediate Water

(AAIW) and Upper Circumpolar Deep Water (UCDW) originat-
ing from the Indian Ocean at station S1 and from the west at sta-
tions S2–S3–S4, and at station S5 a subsurface variety (205 m) of
Antarctic Surface Water (AASW), called Winter Water.

Discussion
Origin of the δ56DFe Minimum at Intermediate Depths. A prominent
feature of our dataset lies with the abovementioned δ56DFe
minimum at intermediate depths ranging from −0.74 to −0.71‰
in S5 and S4 to −0.17‰ in S1 (Figs. 3 and 4, and Fig. S2). This
feature has not been seen so far in the few other oceanic regions
where δ56DFe studies have been conducted, notably in the North
Atlantic (11) and in the Equatorial Pacific (3, 10). These varia-
tions are not matched and therefore could not have been hinted
at by the concentration profiles.
Redox processes are known to exert a major control on iron

isotope compositions with reduced iron favoring light Fe isotope
compositions (e.g., ref. 25). Measurements of DFe redox speci-
ation (DFeII and total DFe from which DFeIII can be computed)
during the BGH cruise provide the opportunity to evaluate the
effect of the iron redox state on its isotope signature in the open
ocean. These data show that Fe(II) accumulation mostly occurs
close to the surface, but not at intermediate depths (26). This
mismatch between measured iron redox state and isotopic
composition demonstrates that local iron reduction—at the time
and location of sampling—was not responsible for the observed
intermediate depth δ56DFe minimum. This does not imply that
redox processes could not have contributed to the observed
minima. Iron reduction followed by reoxidation could lead to the
observed signals. In such a case, these redox speciation data imply
that these redox processes must have occurred before sampling,
that is, upstream, remotely. This could come from the external
DFe sources (e.g., at the ocean interfaces), or within the water
masses (including dissolved/particle interactions), again upstream
of the sampling location. In the following discussion, we will first
explore the potential role played by water mass transport and
mixing of signals acquired within the water column, and then the
potential impact of external sources.

Fig. 3. DFe isotopic compositions profiles (δ56DFe relative to IRMM-14 in per
mill) plotted above sections of salinity (A), neutral density (in kilograms per
cubic meter) (B), dissolved oxygen (in micromoles per kilogram) (C), and AOU
(in micromoles per kilogram) (D) for seawater samples taken during the BGH
cruise (stations S1 to S5). White circles are δ56DFe data corresponding to
the scale shown above each depth profile. Dashed white lines represent the
δ56Fe composition of the crust (0.07‰) (49) and the positions of the stations. At
each station, salinity, neutral density, dissolved oxygen, and AOU have to be
read on the dashed white lines and not at the positions of the white circles.
White crosses show the positions of the δ56DFe minimum at each station. Front
positions are indicated. See Fig. 2 for acronyms. Figure was made using Ocean
Data View (55).

Fig. 4. Sections of (A) DFe concentrations ([DFe] in nanomoles per kilogram)
and (B) DFe isotopic composition (δ56DFe relative to IRMM-14 in per mill) of
seawater samples taken during the BGH cruise (black dots). Fronts locations
are indicated. See Fig. 2 for acronyms. Figure was made using Ocean Data
View (55).
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Although the circulation across the section is mainly zonal and
structured along circumpolar fronts, meridional water mass
transports do occur across these fronts as reflected, for instance,
by salinity and oxygen meridional sections (Fig. 3). These me-
ridional transports occur mainly along isopycnal surfaces. Neu-
tral density isolines from the BGH section are displayed in Fig. 2
superimposed on the schematic meridional circulation adapted
from Talley et al. (24). The isopycnal distribution is in very good
agreement with the circulation scheme described by Talley et al.,
which confirms that this scheme may be used to describe the
meridional circulation that impacts the BGH section. In addition
to this information, a detailed examination of the sample hy-
drographic properties (θ, S, [O2], nutrients) is used in the fol-
lowing to relate the different samples to each other.
Stations S2, S3, and S4 are all located within the ACC. Their

intermediate and deep waters all originate from the west and the
Drake Passage. They form a coherent group of stations, which
we will discuss first. The AAIW sampled at stations S2 and S3 is
formed by subduction of AASW that itself results from the up-
welling of UCDW (24, 27, 28). The δ56DFe minimum found in
the AAIW of S2 and S3 may therefore originate from the di-
lution of the S4 UCDW δ56DFe minimum through mixing with
AASW. A simple two end-member mixing calculation illustrated
in Fig. 5 clearly confirms this hypothesis.
Furthermore, the Atlantic AAIW sampled at stations S3 and S2

(Fig. 2) flows eastward into the Indian Ocean where it is further
modified to form Indian AAIW, part of which returns to the
Atlantic just south of South Africa, where we sampled it at station
S1 (Fig. 2). Similarly, the Winter Water and Warm Deep Water
where the δ56DFe minimum is found at S5 are formed from
AASW that itself results from the upwelling of UCDW (24, 27).
Therefore, the circulation and water mass formation in the
Southern Ocean suggest that the S4 UCDW light isotopic signa-
ture could also contribute to the δ56DFe minima observed at
stations S1 and S5. There are significant hydrographical prop-
erty (θ, S, [O2]) differences between the water masses in which the
δ56DFe minima were found (Fig. S1) at stations S1 and S5, com-
pared with S2–S3–S4. These differences cannot be quantitatively
addressed in the present case because (i) we lack iron isotope data
in the Indian Ocean and Weddell Sea that would be required for
mixing calculations, (ii) S1 and to a lesser extent S5 are under the
clear influence of lithogenic inputs (29), and (iii) S5 is under the
influence of surface processes, air/sea fluxes, and biology.

The above discussion shows that the light isotopic signature of
the UCDW variety sampled at station S4—namely, the Drake
Passage UCDW—is the source of the intermediate δ56DFe
minimum found throughout the ACC (S2–S3–S4) and could also
impact S1 and S5. The UCDW is characterized by an oxygen
minimum and a maximum in apparent oxygen utilization (AOU)
(24). These characteristics result from the accumulation (in-
tegration) of organic matter remineralization (that consumes
oxygen) occurring within the water mass as it ages. It is higher
in this water mass compared with the surrounding waters. The
isotopic fractionations associated with organic matter reminer-
alization processes have not yet been extensively constrained.
However, remineralization could potentially release light iron
through kinetic fractionation, or from an initially light signature
of the remineralized matter [two studies suggest a preferential
uptake of light Fe isotopes by phytoplankton (10, 14), although
adsorption experiments on phytoplankton lead to the opposite
conclusion (30)], or from reduction steps involved in several
remineralization mechanisms [e.g., grazing (31), microbial re-
duction in aggregates (32)]. These light signatures could then be
redistributed meridionally across the ACC as explained above.
Other types of UCDW have been sampled: the Indian UCDW

at station S1 (1,721 m, δ56DFe = −0.12‰) and the Atlantic
UCDW at stations S2 and S3 (δ56DFe = −0.12 and −0.22‰, re-
spectively). They are also characterized by an oxygen minimum and
an AOU maximum (reflecting remineralization within the water
column). They all display light δ56DFe values, just slightly heavier
than the overlying AAIW (Fig. 3). This confirms that, in this area,
high remineralization coincides with light DFe isotope signature.
The UCDW δ56DFe values are plotted versus AOU in Fig. 6.
Excluding station S1, under the influence of lithogenic inputs, a
trend can be seen: the higher the AOU, the more negative the
δ56DFe. This supports the conclusion according to which remineral-
ization within the water column is the most likely origin of the light
isotopic signatures found in the UCDW, which are then transferred
to AAIW at least in the ACC domain (stations S2–S3–S4).
Remineralization of organic matter likely plays an additional

role in the observed intermediate isotope minimum. At some
oceanic margins, bacterial organic matter remineralization leads
to anoxic conditions in the sediments due to bacterial respiration.
These anoxic conditions lead to the reduction of Fe(III) into soluble
Fe(II), which is transferred to the water column. There, iron is
rapidly reoxidized but nevertheless keeps a light isotopic signature
(9, 12, 13, 16). Such sources may contribute to the observed δ56DFe

Fig. 5. Mixing diagrams. Properties of the Drake Passage Upper Circumpolar
Deep Water (DP-UCDW), Atlantic Antarctic Intermediate Water (A-AAIW),
Antarctic Surface Waters (AASW), and Indian Central Water (ICW) are shown
for stations S2, S3, and S4. The dotted lines denote the theoretical conservative
mixing curves between DP-UCDW and AASW (black dotted line) and A-AAIW
and ICW (red dotted line; see Supporting Information for the mixing equa-
tions). The large symbols identify the δ56DFe minimum sample at each station.
The diagrams show that the A-AAIW properties can be explained by a mixing
between DP-UCDW and AASW. The slight deviation of the S2 A-AAIW prop-
erties from this mixing (black dotted line) is explained by a small contribution
of the warm and salty Indian Central Water (red).

Fig. 6. Dissolved iron isotopic composition of the different varieties of UCDW
as a function of AOU. The dotted line shows the linear regression calculated
excluding the Indian UCDW of station S1 that is significantly impacted by
lithogenic inputs from the South African margin. S5 is not shown because
there is no UCDW at this station.

Abadie et al. PNAS | January 31, 2017 | vol. 114 | no. 5 | 861

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S
EN

V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603107114/-/DCSupplemental/pnas.201603107SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603107114/-/DCSupplemental/pnas.201603107SI.pdf?targetid=nameddest=STXT


minimum especially in S1 and S5 [clearly influenced by margin in-
puts (29)], and to a lesser extent also within the ACC.
About 5% of the AAIW flowing in the Agulhas Current

originate as Red Sea Water [the equivalent of ∼1 Sv of pure Red
Sea Water (33)]. This water mass is associated to an extreme
oxygen minimum originating in the northern Arabian Sea (33),
where elevated Fe(II) concentrations have been reported (34).
Therefore, very light Fe isotopic signatures resulting from re-
ductive processes in the remote Arabian Sea, could, despite
significant erosion due to water mass mixing along the way,
contribute to the intermediate δ56DFe minimum found at S1 in
the Indian AAIW. The Red Sea Water DFe isotopic composi-
tion has not been documented yet. If we assume that it is char-
acterized by a δ56DFe value of −3‰ [such as what is observed in
the Californian oxygen minimum zone (9)] and a DFe concen-
tration 60% larger than that of the surrounding waters with which
it would mix, and assuming a crustal isotopic composition for these
surrounding waters (δ56DFe = +0.07‰), then the mixing of 5%
Red Sea Water with 95% surrounding waters would lead to the
δ56DFe value of −0.17‰ measured in the Indian AAIW sampled
at S1. This shows that the above scenario is realistic. Similarly,
large organic matter accumulation rates in the Antarctic Peninsula
margin sediments, leading to reducing environments, have been
shown to supply DFe through reductive dissolution (35). This
could contribute to the negative DFe isotopic signature found at
station S5. The impact of matter inputs from the margins of South
Africa and the Antarctic Peninsula is supported by several other
geochemical studies, based on rare earth element concentrations
and Nd isotopic compositions (29, 36), Pb, Cu, Ag, and Co con-
centrations (23, 37), and Fe physical speciation (38).
In summary, the above discussion suggests that remineralization

of particulate organic matter within the water column imparts to
the UCDW light DFe isotopic signatures, which are transferred to
the Antarctic Intermediate Water through mixing especially in the
ACC domain. In addition, remineralization of organic matter at
the continental margins leads to the release of isotopically light
DFe through reductive sediment dissolution, which likely also
contributes to the intermediate water light isotopic signatures,
especially at the northernmost and southernmost stations S1 and
S5. The conjunction of both processes likely explains the observed
δ56DFe intermediate minimum all along the BGH section.

Processes Releasing DFe in the Deep Southern Ocean. The in-
termediate δ56DFe minimum contrasts with more positive values
found at the surface and in the deep layers (Figs. 3 and 4, Fig. S2,
and Dataset S1). The surface layer is potentially subjected to mul-
tiple external sources and processes, notably dust depositions, phy-
toplankton uptake, and photoreduction that may affect DFe isotope
composition and will not be discussed further. Below this surface
layer, it is commonly thought that competition between one release
process, remineralization of organic matter, and one sink, scaveng-
ing, acts as the major control on DFe vertical distributions (2, 39–41).
However, the clear contrast between the intermediate and

deep δ56DFe signatures along the BGH section (Figs. 3 and 4)
goes against this paradigm. It reveals that distinct in situ pro-
cesses and/or external sources dominate the DFe cycle at these
two depths. With the assumption that the DFe sink at both
depths (intermediate and deep) is dominated by the same scav-
enging process (2, 39, 40), then our observations suggest that the
processes dominating the DFe sources in the deep ocean layers
are not organic matter remineralization given the heavier DFe
isotopic signatures uncovered. At depth, non-reductive release of
DFe from particles (3, 10, 11, 17) could produce the observed
isotopically heavier DFe, potentially through the following:
(i) desorption as suggested for thorium and protactinium (5),
rare earth elements (6) or copper (7), or (ii) ligand (side-
rophore)-promoted dissolution (42). This hypothesis is sup-
ported by the recent documentation of the isotopic signature of a

labile fraction of suspended particles (from the North Atlantic),
for which typical values are found around −0.3‰ (43). Adding
to this value an isotopic fractionation associated to non-reductive
release, typically characterized by Δ56Fe DFe-PFe ∼ +0.3‰ (3, 10),
could lead to continental crust-like deep isotopic signatures observed
for DFe along our transect, with values from −0.35 to +0.28‰
(Figs. 3 and 4). The particulate phases potentially involved in
these processes could include both organic and inorganic particles,
among which are erosion products, notably from atmospheric and
riverine inputs. These processes could occur either in the water
column (from sinking particles) or at oxygenated margins. These
signatures could then be transported within deep water masses
following the oceanic currents described above. Particulate 232Th
concentrations (29) combined with particulate Fe concentrations
(44) suggest that particulate Fe is dominated by lithogenic Fe along
the transect, with a trend toward larger lithogenic fractions at depth
compared with the intermediate layers. This supports the likely role
played by non-reductive release of DFe from lithogenic particulate
Fe within the water column in the deep ocean.

Conclusions
The above discussion leads us to conclude the following:

i) In the intermediate waters, DFe primarily originates from
remineralization of organic matter in the water column and
the redistribution of this regenerated DFe through mixing,
and sediment reductive dissolution at continental margins
also related to organic matter remineralization.

ii) In the deeper waters, DFe sources are dominated by abiotic
process(es): non-reductive release of DFe from particles, nota-
bly lithogenic ones, such as desorption, and/or ligand-promoted
dissolution. Iron release from lithogenic particles combined to
iron adsorption onto particles (DFe scavenging) may be
regarded as iron exchange between both phases, as previously
suggested in the North Atlantic and the West Pacific (3, 4).
This process could correspond to the reversible scavenging
concept developed for thorium and protactinium (5).

Overall, our Fe isotope data unambiguously reveal that the
DFe cycling in the intermediate and deep layers of the studied
area is dominated by distinct processes and/or external sources.
This conclusion could not have been deduced from concentration
data only. It goes against the mainstream oversimplified view
according to which remineralization of organic matter is the major
pathway releasing DFe in the deep ocean (2, 39, 40). Recognition
of these differences, found in the Southern Ocean, but which may
also occur in other oceanic regions, will have important impacts
on models of the oceanic iron cycle and hence on oceanic bio-
geochemical cycles, the global carbon cycle, and the climate.
More specifically, taking into account the non-reductive release of

DFe from particles, notably lithogenic ones, in the deep ocean could
have several implications. This would add an additional source to the
global oceanic DFe budget. Similarly to what has been proposed for
similar processes at ocean margins (45), (i) this could shorten the
DFe mean oceanic residence time, and (ii) these processes could
release other elements, including other nutrients and micronutrients.
Such iron release processes are likely controlled by different pa-
rameters compared with those involved into biologically mediated
organic matter remineralization. Particulate iron concentrations,
notably lithogenic ones, but also physical and chemical parameters
such as mineralogy, temperature, or pH, could influence the mag-
nitude of this DFe source. This suggests that the oceanic DFe budget
could be more sensitive than previously thought to continental ero-
sion, particle transport, and dissolved/particle interactions. Finally, as
for all deep iron sources, recognition of this deep DFe release from
lithogenic particles would reinforce the role played by vertical mixing
and deep water upwelling in the control of DFe supply to the surface
ocean and therefore in the control of primary production. One could
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expect that the influence of these processes on primary production
would be maximum in areas where surface DFe inputs are low
(HNLC areas) and where deep water upwelling is large, such as in
the Southern Ocean.

Sampling and Methods
Sampling and analytical protocols are given in Supporting Information. The
analytical protocol has been previously published (46), validated by the
GEOTRACES intercalibration exercise (47) and an intercomparison study (48).
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