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A B S T R A C T
The basin-scale distributions of iron (Fe) and Fe isotopes provide important insights into the biogeochemical
cycling of this growth-limiting micronutrient in the ocean. Here we present new observations of dissolved Fe
concentrations and stable isotope ratios (δ56Fe) from the US GEOTRACES Eastern Paciﬁc Zonal Transect GP16.
The western portion of the transect is characterized by low dissolved Fe concentrations with a heavy δ56Fe
signature of +0.4 to +0.6‰, similar to the dust-inﬂuenced North Atlantic deep waters. This is punctuated by
Fe inputs from hydrothermal vents along the East Paciﬁc Rise, with a δ56Fe of −0.3‰. One striking feature of
the transect is a large plume of high dissolved Fe and low δ56Fe (0 to −0.5‰) in the east, near the Peru margin.
Here, maximum dissolved Fe occurs between 1000 and 3000 m and the elevated concentrations persist over
1000 km from the margin. The region of markedly lower δ56Fe extends even further, to roughly 4000 km oﬀshore. The mid-slope depth at which this plume occurs (1000–3000 m) is at odds with current conceptual and
numerical models of Fe inputs along continental margins, which predict a shallower and more restricted dissolved Fe maximum (upper-slope; ~100–1000 m). Here, we explore four possible explanations for the mid-slope
Fe plume: (1) Fe ﬂuxes are actually higher from mid-slope sediments; (2) the mid-slope plume is transported
from a remote region (3) mid-slope Fe originates from resuspended sediments in a very persistent form, which
remains in the dissolved phase for longer than Fe released from the upper-slope; (4) Fe is supplied from upperslope sediments, and then transferred to greater depth by reversible scavenging onto sinking particles. Simple
modeling is used to show that both input of persistent Fe from mid-slope sediments and reversible scavenging
could explain the data. Flux of a more persistent chemical form of Fe from the mid-slope would be consistent
with other tracers such as particle composition and 228Ra, which suggest that lithogenic sediments are preferentially resuspended at this depth, but may be at odds with the low δ56Fe signature. Reversible scavenging is
consistent with both Fe concentrations and δ56Fe. Whatever its provenance, the plume observed near the Peru
margin impacts Fe concentrations and δ56Fe throughout the entire eastern South Paciﬁc region, suggesting that
the roles of persistent Fe input and reversible scavenging should be appraised in fully coupled iron-carbon cycle
models in order to better understand the global cycling of Fe and δ56Fe.

1. Introduction
Iron is a globally important micronutrient that aﬀects biological

⁎

productivity and metabolism worldwide (Tagliabue et al., 2017; Moore
and Doney, 2007; Boyd and Ellwood, 2010). The study of iron concentrations and iron stable isotope ratios (δ56Fe) dissolved in seawater
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can elucidate the sources, sinks, and biogeochemical cycling of this
important element in the world oceans (Conway and John, 2014). The
US GEOTRACES GP16 cruise recently transected the Eastern Tropical
South Paciﬁc and observed two striking features that reveal subsurface
sources of Fe in this basin: (i) a region of elevated Fe emanating from
hydrothermal vents along the South East Paciﬁc Rise (SEPR), and (ii) a
region of elevated Fe along the Peruvian margin, which houses one of
the largest oxygen minimum zones (OMZs) worldwide. Here we present
complete transects of Fe concentrations and δ56Fe from this cruise.
The hydrothermally-inﬂuenced western portion of the transect has
already been reported and interpreted in previous work (Resing et al.,
2015; Fitzsimmons et al., 2017). Dissolved and particulate Fe in the
plume emanating from the SEPR extends thousands of kilometers
westwards through the deep Paciﬁc ocean (Resing et al., 2015), highlighting the importance of hydrothermal vents in supplying Fe to the
deep ocean. Both the dissolved and particulate plumes sink subtly as
they move westward, crossing isopycnals and departing downwards
from the SEPR Mn and δ3He plumes. Dissolved and particulate Fe in the
hydrothermal plume have similar δ56Fe (~− 0.3‰), suggesting that Fe
in both size-classes occurs in the same chemical form, and that Fe exchanges between particulate and dissolved phases within the plume
(Marsay et al., n.d.; Fitzsimmons et al., 2017).
Our paper focuses on the eastern section of the GP16 transect,
where the intersection of the OMZ with the Peruvian margin leads to
distinct Fe and δ56Fe behavior. Reduced Fe(II) is water soluble, while
oxidized Fe(III) quickly precipitates unless bound to an organic ligand.
In this region, sediment porewater proﬁles in cores taken above
~ 700 m show high (μM) porewater Fe concentrations all the way up to
the sediment-water interface, allowing for large ﬂuxes of reduced Fe
from the sediments at these depths (Heller et al., 2017; Noﬀke et al.,
2012; Scholz et al., 2014a; Scholz et al., 2014b; Vedamati et al., 2014;
Scholz et al., 2016). The input of isotopically light Fe(II) from anoxic
porewaters leaves a characteristically low δ56Fe signature in seawater
(Severmann et al., 2010; John et al., 2012; Boiteau et al., 2013; Chever
et al., 2015; Fitzsimmons et al., 2016). Previous analyses above the
Peru shelf found dissolved δ56Fe ranging from − 0.31 to −1.25‰
(Chever et al., 2015), which is somewhat heavier than observed in
benthic ﬂux chambers and seawater overlying reducing sediments
along the California Margin (− 2 to −4‰) (Severmann et al., 2006;
John et al., 2012). A heavier sedimentary dissolved δ56Fe ﬂux can be
attributed to both extensive loss of reduced Fe from sediments, and to
the precipitation of Fe sulﬁdes, both of which have been previously
observed in Peru Margin sediments (Scholz et al., 2014a; Scholz et al.,
2014b). Here, we use our basin-scale observations of dissolved Fe and
δ56Fe to further explore the Fe source mechanisms along the Peruvian
margin.
2. Methods
2.1. Chemical analyses
Water samples were collected as part of the US GEOTRACES GP16
transect using the sampling system described by Cutter and Bruland
(2012). Samples were ﬁltered through cleaned and ﬂushed 0.2 μm Acropak-200 Supor capsule ﬁlters. Onshore, samples were analyzed for Fe
concentrations and δ56Fe according to published methods (Conway et al.,
2013). Brieﬂy, 1 L samples were acidiﬁed to pH 1.8 with 1 mL L− 1
quartz-distilled HCl and left for at least two months to redissolve any Fe
that may have precipitated onto bottle walls since sampling. Samples
were amended with a ~1:1 57Fe-58Fe double spike, and Fe was extracted
onto Nobias chelating resin PA-1 at pH 2, then the pH adjusted to ~6.
After separating the Nobias from seawater by ﬁltration, Fe was released
from the Nobias resin with 5% teﬂon-distilled HNO3 and puriﬁed by
anion exchange chromatography. Finally, samples were analyzed for
[Fe] and δ56Fe on a Neptune multi-collector ICPMS at the University of
South Carolina, with δ56Fe reported relative to IRMM-014.

Prior to processing large-volume samples, all samples were analyzed
for [Fe] by using a similar procedure on 10 mL samples. All reagents
were scaled down by a factor of 100. These 10 mL samples were prepared in 15 mL centrifuge tubes so that removal of the seawater, rinsing
of the resin with ultrapure water, and extraction of the metals with 5%
HNO3 could be performed using a home-built procedure on the
PrepFast sample processing robot (Elemental Scientiﬁc Incorporated).
These values were used to determine the necessary double-spike concentration for the large-volume analysis and are generally not reported,
except in rare cases where there was a problem with concentrations
measured on large-volume samples. Accuracy and precision of both
concentration and isotopic measurements is discussed at length in
Conway et al.; measured concentrations of SAFe reference samples were
within the community consensus ranges.
All data is available online through the Biological and Chemical
Oceanography Data Management Oﬃce (BCO-DMO) and will be included in the 2017 GEOTRACES Intermediate Data Product.
2.2. Modeling
Several hypotheses about Fe biogeochemical cycling are explored
using a coarse-resolution 3-dimensional ocean circulation inverse
model (OCIM). This model represents the time-mean circulation at a
horizontal resolution of 2° latitude and longitude with 24 vertical
layers, and is optimized using the observed distributions of potential
temperature, salinity, 14C and CFCs, as well as climatological estimates
of sea-surface height and sea-surface heat and freshwater ﬂuxes
(DeVries, 2014). We conducted a set of highly idealized model experiments to test whether various sedimentary Fe source patterns are
consistent with the observed basin-scale distribution of dissolved Fe.
Each experiment solves the following tracer conservation equation for
the steady-state distribution of Fe:

d [Fe]
= A [Fe] + SFe − L
dt
Fe

(1)

where SFe is the idealized Fe source function, LFe is the loss of Fe, and A
is the OCIM circulation model represented as a “transport matrix”
(Khatiwala, 2007). This is far from a complete treatment of the ocean Fe
cycle, which would need to consider multiple Fe sources (e.g. dust and
hydrothermal vents) and realistic internal cycling processes (e.g. biological uptake, scavenging and colloidal aggregation, as well as remineralization and recycling), none of which are represented in our
model. Instead, it is more appropriate to think of this exercise as an
eﬀort to understand the inﬂuence of diﬀerent Fe sources, redistributed
by a realistic three-dimensional circulation, on the large-scale distribution of dissolved Fe. Two diﬀerent conﬁgurations of the model are
used. In the ﬁrst (source-only), we simply use the model to visualize
how diﬀerent sources of Fe are circulated through the basin, to ask
whether the plume of Fe between 1000 and 3000 m near the Peru
margin might simply reﬂect the pattern of Fe inputs. In the second
(source-sink), we simulate mechanisms of Fe loss by reversible or irreversible scavenging onto sinking particles, to test whether the location of the plume might reﬂect a more complex balance between inputs,
removal, and cycling of Fe.
2.2.1. Source-only conﬁguration
While we make no attempt to resolve mechanisms of Fe loss in this
model conﬁguration, a sink of Fe is required to derive a steady-state
solution to Eq. (1), allowing us to visualize the transport trajectory of
diﬀerent dissolved Fe sources. We therefore assume Fe is lost via simple
ﬁrst-order “decay” at rate kdecay following:

LFe = kdecay ∙ [Fe]

(2)

Mathematically, this is similar to very early models (e.g. Archer and
Johnson, 2000), which included a ﬁrst-order scavenging without considering the eﬀect of particle concentration on scavenging rates, but we
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Fig. 1. Distribution of salinity, oxygen, Fe, and δ56Fe along the GP16 transect. Points on the sections of Fe and δ56Fe represent individual sampling bottles. Approximate locations of
various water masses are drawn on based on the water mass analysis of Peters et al. (2017). Data is interpolated using a routine which ﬁrst interpolates linearly between each point in
vertical proﬁles, then interpolates horizontally between proﬁles.

do not consider this to be a mechanistic treatment of Fe loss. We choose
a dissolved Fe half-life of 50 years (kdecay = 0.014 yr− 1), which is
broadly consistent with other estimates of dissolved Fe lifetime in the
deep ocean (Moore et al., 2004; Parekh et al., 2004; Tagliabue et al.,
2014).
A total of four diﬀerent “source functions” (SFe) of dissolved Fe were
visualized using this method. First, a “regenerative” source of dissolved
Fe was modeled, in which SFe was set proportional to the remineralization rate of organic P, assuming an arbitrary ﬁxed Fe/P stoichiometry for all biological remineralization. Organic P remineralization
was derived from previous biogeochemical simulations using this circulation model (DeVries et al., 2014). Second, a “reducing sediment”
source was modeled, in which SFe was set proportional to the remineralization rate of organic P in seaﬂoor sediments. This approach is
similar to the parameterization in several current global Fe cycle
models (Elrod et al., 2004; Tagliabue et al., 2016), except that we use P
remineralization as a model proxy for organic carbon ﬂux to the seaﬂoor which the model does not explicitly track. Sedimentary organic P
remineralization is taken from DeVries et al. (2014) who compensate
for the low-resolution of the model grid by interpolating higher-resolution bathymetry. Third, a “generic sediment” source of Fe was
modeled, in which SFe is proportional to the total sedimentary surface
area, representing uniform input from oxic and anoxic sediments alike.
This is motivated by recent observations from the North Atlantic that
benthic ﬂuxes from oxic are of similar magnitude to reducing sediments
(Conway and John, 2014). Finally, we model a “slope sediment” source,
in which SFe is proportional to sediment surface area where the ocean
intersects basin margins, i.e. along the vertical interfaces between sediments and the ocean on the model grid. This aims to represent the

preferential resuspension of sediments by internal wave action on steep
slopes at basin edges (Cacchione and Drake, 1986).

2.2.2. Source-sink conﬁguration
In this model conﬁguration, we combine the “reducing sediment”
source function (described above) with more realistic representations of
dissolved Fe scavenging. Reducing sediments are the best understood
benthic source of dissolved Fe, and are represented in most global
models. Our goal here is therefore to test whether this source can reproduce the 1000–3000 m plume when combined with more complex
removal and cycling processes.
Two scavenging parameterizations are tested. In the ﬁrst, scavenging is assumed to be irreversible, with a rate controlled by the availability of particles to adsorb to:

LFe = kirreversible ∙ [Fe] ∙ [POC ] + kdecay ∙ [Fe]

(3)

Here, [POC] through the water column is taken from the model
output of DeVries et al. (2014), and kirreversible (mM POC− 1 nM Fe− 1) is
the scavenging rate constant, which is varied to best match the observed dissolved Fe distribution. This parameterization aims to test the
hypothesis that low scavenging rates between 1000 and 3000 m, due to
scarcity of particles, might explain the dissolved Fe plume in this depth
interval.
The second parameterization represents classical “reversible
scavenging” (Bacon and Anderson, 1982), by explicitly simulating a
particle-adsorbed fraction (Feads) that remains in equilibrium with the
surrounding seawater:
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Fig. 2. Proﬁles of dissolved Fe concentrations and δ56Fe for individual stations analyzed on the GP16 transect.

Feads =

K d ∙POC
Fetotal
K d ∙POC + 1

(4)

Here Fetotal is the sum of dissolved and adsorbed Fe, and Kreversible
(mM POC− 1) is the partition coeﬃcient for reversible binding of Fe
onto POC, which is varied to best match observed dissolved Fe. The

adsorbed fraction settles through the water column at a rate of 50 m/
day, characteristic of sinking organic particles (Guidi et al., 2008), redistributing Fe through the water column but not removing it from the
ocean as a whole. The ultimate sink of Fe from the ocean is ‘decay’ as in
Eq. (2).
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3. Results
3.1. Major features of observed dissolved Fe and δ56Fe along the section
Surface ocean δ56Fe varies greatly across the section, with values
ranging from about − 1‰ above the continental shelf to values as high
as + 1‰ in the middle of the transect. Low δ56Fe over the shelf
probably represents the input of isotopically light Fe from reducing
sediments, as seen in proﬁles above the shelf (Figs. 1, 2) and as previously reported by Chever et al. (2015). At stations in the western
portion of the transect (Stns. 20 to 30) δ56Fe decreases in the upper few
hundred meters, suggesting that biological activity preferentially removes isotopically heavy Fe. A similar biological removal of heavier
isotopes has been observed in the North Atlantic and Southern Ocean,
although the mechanism by which this occurs is not known (Conway
and John, 2014; Ellwood et al., 2015). A small subsurface tongue of
higher δ56Fe waters appear in the eastern portion of the transect (Stns.
5–11) between roughly 100 m to 500 m, in the core of the OMZ (Figs. 1,
2). These higher δ56Fe values could be attributed to the release of isotopically heavy Fe from the sediments due to quantitative Fe dissolution
and/or precipitation of isotopically light sulﬁdes within sediment
porewaters, both of which there is evidence for along the Peru Margin
(Scholz et al., 2014a; Scholz et al., 2014b). However, measured δ56Fe
near the sediments is much lower than further from shore, suggesting
this is not the case. Alternatively, the heavy dissolved δ56Fe could be
the result of the precipitation or particle adsorption of isotopically light
Fe in the water column, consistent with observations that particulate
δ56Fe is isotopically lighter than the dissolved phase at these depths
(Marsay et al., n.d.), and with the active redox cycling of Fe between
the dissolved and particulate phases within the OMZ (Heller et al.,
2017; Scholz et al., 2016).
The deep ocean is isotopically heavy compared to average continental material (which is ~+0.1‰) at most depths in the western
portion of the transect (Stns. 23 to 32) and in the deepest waters
(> 3000 m) in the eastern portion of the transect (Stns. 11 to 21). Here,
dissolved δ56Fe is generally + 0.4 to + 0.7‰. These slightly heavy
δ56Fe values probably reﬂect non-reductive input of lithogenic Fe,
which has been previously observed in the North Atlantic where the
lithogenic phases are dominated by dust (Conway and John, 2014) and
in the Southern Ocean where lithogenic phases are more likely to include margin sediments (Abadie et al., 2017).
Finally, there is a plume of Fe emanating from the Peru Margin with
low δ56Fe and maximum Fe concentrations between roughly 1000 m to
3000 m. Concentrations are highest near the margin, with elevated Fe
(dissolved Fe > 1 nM) persisting roughly 1000 km oﬀshore at Stn 9.
Identiﬁably low δ56Fe waters (δ56Fe < + 0.2‰) persist nearly
4000 km oﬀshore to Stn 23. A similar feature was observed near the
Mauritanian margin on the US GEOTRACES NAZT (GA03) transect,
though the feature was less extensive (~ 500 km oﬀshore) and the
lowest δ56Fe values observed were less negative (the lowest were
~ 0‰) (Conway and John, 2014). This plume of isotopically light dissolved Fe has a similar spatial distribution to a plume of isotopically
light ligand-leachable particulate Fe (Marsay et al., n.d.) (Fig. 3), suggesting possible interaction between particulate and dissolved phases.
The observed high Fe concentrations near the Peru margin are
broadly consistent with the release of Fe from the margin, however the
speciﬁc depth distribution of Fe is surprising. We will devote the remainder of this section to exploring the possible origins of this feature.
3.2. Fe sources and cycling near the Peru margin
Common understanding of the marine Fe cycle suggests that, near
continental margins, dissolved Fe concentrations should have a maximum somewhere in the upper ocean (~ 100 to 1000 m). This is because Fe supply from reducing sediments is generally proportional to
the delivery of organic carbon to those sediments (Elrod et al., 2004;

Pakhomova et al., 2007), and the ﬂux of organic carbon on the Peru
Margin attenuates rapidly over depth (Dale et al., 2015). The input of
Fe from oxic sediments occurs more broadly throughout the oceans, and
might therefore have greatest impact on Fe concentrations in areas of
restricted circulation such as ocean trenches and in the abyssal plains,
where Fe is trapped near sediments by sluggish mixing. Nevertheless, in
margins dominated by reducing sediments, the largest Fe concentrations should be expected over the shelves and upper slope regions
(< 1000 m) where carbon ﬂuxes to the seaﬂoor are largest.
Both simple and complex models of Fe support this view. In our
‘source-only’ model conﬁguration, the two most important sources of
dissolved Fe, organic matter remineralization and dissolved Fe release
from reducing sediments, lead to maximum concentrations of Fe in the
upper ~200 m (Fig. 4). State-of-the-art models such as PISCES which
include a strong source of Fe from reducing sediments tend to produce a
Fe maximum in the upper ~ 1000 m near the Peru margin, while others
such as BEC show a broad maximum of Fe near the margin but still no
plume in the 1000–3000 m depth range (Fig. 5) (Moore and Braucher,
2008; Tagliabue et al., 2016). Indeed, of 13 models compiled in a recent
multi-model intercomparison, none predicted a sedimentary plume of
Fe in the 1000–3000 m depth interval in the EPZT transect (Tagliabue
et al., 2016).
In contrast to theoretical predictions and observations from the
North Atlantic, the main plume of Fe next to the Peru margin occurs
most strongly at depths of 1000–3000 m. Close to the sediments, the
highest individual Fe concentrations occur just above the continental
shelf at Stn 2, 3, and 4 (Fig. 2). By the ﬁrst oﬀ-shelf station (Stn 5),
however, high Fe concentrations are no longer observed near the surface and the highest Fe concentrations are clearly observed below
1000 m. While there is variability in Fe concentrations both with depth
and distance along the transect, two distinctive features are clear; there
is a plume of elevated [Fe] between 1000 m and 3000 m close to the
shelf, and isotopically light δ56Fe propagates westward from the shelf
with the lowest δ56Fe values observed near the shelf between roughly
1000 m to 3000 m. Below, we diﬀerentiate between an “upper-slope”
region where oﬀshore Fe concentrations are lower (100–1000 m) and a
“mid-slope” region where Fe concentrations are relatively higher
(1000–3000 m).
4. Discussion
We consider four reasons why Fe concentrations might be higher at
mid-slope depths, 1) the ﬂux of Fe directly from sediments may be
greater from the mid-slope compared to upper-slope sediments, 2) the
plume does not reﬂect local dissolved Fe sources, but is instead circulated from a remote region of benthic inputs 3) Fe delivered from midslope sediments may be more ‘persistent’ (more slowly scavenged) than
Fe from the upper-slope, or 4) Fe ﬂux from the sediments may be
greater from the upper-slope but Fe is subsequently transported to the
mid-slope depths by reversible scavenging onto sinking particles
(Fig. 6). These hypotheses were tested using the two conﬁgurations of
our idealized Fe model and data from the transect.
4.1. Is the sedimentary ﬂux of Fe higher on mid-slope?
There is no direct evidence to suggest that sedimentary Fe ﬂuxes are
larger from the mid-slope than the upper-slope at the sediment-water
interface. Along the California margin observations of Fe ﬂuxes scale
with delivery of organic carbon to sediments (Elrod et al., 2004;
Pakhomova et al., 2007). Because organic carbon ﬂux attenuates rapidly with depth, this relationship predicts that benthic Fe ﬂuxes should
be larger when the seaﬂoor is shallower (Section 3.2). Sediment cores
from the Peru Margin support this view. In two studies, sediment cores
along the Peru margin down to 1000 m were analyzed to determine
sedimentary Fe ﬂuxes based on porewater Fe proﬁles, and in both cases
there was a roughly exponential decrease in Fe ﬂuxes with depth and no
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Fig. 3. Particulate ligand-leachable Fe concentrations and δ56Fe
from Marsay et al. (n.d.), superimposed upon interpolated dissolved
Fe and δ56Fe.

Fig. 4. Model output showing two diﬀerent source functions for Fe, including biological remineralization assuming a ﬁxed phytoplankton Fe:P stoichiometry (A), and sedimentary
remineralization assuming that Fe release is proportional to C respiration in the sediments (B).

Fig. 5. Current state-of-the-art global biogeochemical models of Fe biogeochemical cycling do not reproduce the observed plume of Fe 1000–3000 m near the Peru margin. Model output
from the latitude of the EPZT transect is shown here for PISCES2 (A; Tagliabue et al., 2016) and the BEC (B; Moore and Braucher, 2008).
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Fig. 6. Possible sources of the mid-slope dissolved Fe plume observed near the Peru margin include a large Fe source between roughly 1000 and 3000 m (A), a source of Fe which is
smaller than from the upper shelf but is more persistent (B), or a source of Fe in the upper ocean and reversible scavenging which brings Fe to deeper depths (C). Background is dissolved
Fe concentrations as in Fig. 1.
Fig. 7. Flux of Fe from sediments along the Peru margin
based on sediment core porewater proﬁles from Noﬀke
et al. (2012) (similar to more recent data from Scholz
et al., 2016) are highest within the upper-slope oxygen
minimum zone (A). Higher Fe ﬂuxes correspond to higher
water column Fe concentrations, based on our analyses of
dissolved Fe interpolated to 25 m above the sediments at
stations 2, 3, 4, and 5 (B). High resolution topography of
the Peru margin at 12°S from the Global Multi-Resolution
Topography database shows the actual slope of the margin
at diﬀerent depths; the dashed line reﬂects the position of
Station 1 (C). Labile (ligand-leachable) Fe and Al proﬁles
from Station 1 show broad maxima in the mid-slope region
from 1000 to 3000 m which may point towards sedimentary resuspension at these depths; Fe has another large
maximum near the surface attributable to input from reducing sediments, and the increase in Fe and Al below
4500 m may be caused by proximity to the nearby walls of
the Peru-Chile trench rather than to increased sedimentary
resuspension (D).
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measureable Fe ﬂux below ~700 m (Noﬀke et al., 2012; Scholz et al.,
2016) (Fig. 7). Our data also support a decrease in sedimentary Fe ﬂux
with increasing depth. When we linearly interpolate between the
bottom two samples to estimate the concentration at 25 m above the
sediment-water interface, we ﬁnd that Fe concentrations decrease for
deeper GEOTRACES proﬁles (Fig. 7). Similarly, concentrations of ligand-leachable (labile) particulate Fe are highest in the upper-slope
region (Marsay et al., n.d.) (Fig. 3). Our idealized model shows that
when benthic dissolved Fe inputs that are proportional to organic
carbon delivery, a shallower plume is produced than the one we observe (Fig. 4a), consistent with more complex biogeochemical models
(Moore and Braucher, 2008; Tagliabue et al., 2014). We can therefore
rule out this hypothesis.
4.2. Is the plume transported from a remote region?
The Peru Margin is a classic eastern boundary upwelling region. In
addition to the upwelling next to the margin driven by Ekman pumping,
there are strong meridional subsurface currents, including the northwards ﬂowing Peru Chile Current (PCC) and the southwards-ﬂowing
Peru-Chile Countercurrent (PCCC) (Czeschel et al., 2011). Thus, we are
motivated to test our Fe input functions within a 3-dimensional model
circulation.
Based on our model results, we can also rule the hypothesis that
dissolved Fe is released from sediments in remote regions and then
circulated towards mid-slope depths oﬀ the Peru margin, at least if
those remote sources follow simple relationships. Our idealized model
simulates benthic dissolved Fe release globally, within in a realistic
three-dimensional circulation, and would therefore capture the advection of remotely sourced dissolved Fe. However, our source-only model
conﬁguration cannot reproduce the mid-slope plume with either a reducing sediment source pattern (Fig. 4a) or indiscriminate dissolved Fe
release from reducing and oxic sediments (Fig. 8a).
Our model includes only simple input functions based on sediment
surface area and organic carbon ﬂux, however. It therefore remains
possible that there is a unique distal Fe source not represented by our
model. For example, high Nd concentrations coupled with radiogenic
εNd signatures observed in southwards-ﬂowing mid-depth waters near
the Peru margin suggests these waters have interacted with fresh lithogenic material (Grasse et al., 2012), perhaps pointing to a source of
highly-reactive minerals from rivers to the north of our study site.
4.3. Is mid-slope Fe delivered in a more persistent form?
Next, we consider the possibility that dissolved Fe is liberated from
sediments on the mid-slope in a form that is much more persistent than
the ﬂuxes of Fe from reducing sediments on the upper-slope. Fe solubility in seawater is crucially dependent on organic complexation (Rue
and Bruland, 1995; Wu and Luther, 1995; Witter and Luther, 1998), so
diﬀerences in the organic complexation of Fe released from the sediments at diﬀerent depths could have a large impact on persistence. It is
possible that Fe released from the oxic sediments in the middle slope
are released along with higher concentrations of organic ligands or with
a class of ligands that make this Fe more persistent (less ‘scavengeable’).
However, we are not aware of experimental data that would directly
address the relative persistence of upper-slope and mid-slope Fe. It
would also seem to be at odds with the much lower ﬂux of organic
carbon to the sediments deeper in the water column.
We tested this hypothesis in the source-only model by simulating
the release of persistent dissolved Fe from steep slope sediments, i.e.
vertical sediment-ocean gridcell interfaces that are not adjacent to the
abyssal plain. This model experiment produces a dissolved Fe plume at
similar depths to the observed plume, albeit more conﬁned to the
continental margin than observed (Fig. 8b). Mechanistically, such a
mid-slope source might result from sediment resuspension in the
benthic boundary layer. Internal waves which ‘break’ on the continental

shelf and resuspend sediments increase in energy as the waves are
compressed by the slope, so that resuspension might be ampliﬁed on
the mid-slope (Cacchione and Drake, 1986; Erdem et al., 2016). While
our model does not explicitly account for factors such as wave energy, it
does suggest that processes that preferentially resuspend sediments on
continental slopes could contribute to the observed plume.
Other datasets from the EPZT transect support the hypothesis that
there may be an increased resuspension of lithogenic material from
mid-slope sediments. Such observational evidence includes higher
concentration of small size-fraction lithogenic particulate material at
the mid-slope depths of Stns.1 and 5 (Lam et al., n.d.), higher concentrations of 228Ra, which is formed during radioactive decay of lithogenic material, at the mid-slope (Sanial et al., 2017), and higher
concentrations of ligand-leachable Fe and Al at the mid-slope (Marsay
et al., n.d.; Fig. 7). While the highest concentrations of ligand-leachable
Fe were found at upper-slope depths at Stn. 1, there does appear to be a
second maximum at mid-slope depths. These three datasets support the
hypothesis that the mid-slope Fe maximum may be due to release of Fe
from resuspended particles, in a form which is very persistent and can
remain dissolved even as it travels thousands of kilometers from the
margin.
However, the dissolved δ56Fe data is not necessarily what we would
expect in this case. Iron released from oxic sediments typically has
δ56Fe similar to, or slightly heavier than, bulk continental values of
roughly + 0.1‰ (Beard et al., 2003; Poitrasson, 2006). Oxic sedimentary Fe inputs near +0.1‰ have been observed in the equatorial
western Paciﬁc (Radic et al., 2011), eastern South Atlantic (Homoky
et al., 2013), and western North Atlantic (Conway and John, 2014). In
this plume, however, we observe δ56Fe values of ~0 to −1.5‰. Thus,
if there is a mid-slope input of persistent Fe, the sediments here must
have a diﬀerent δ56Fe ﬁngerprint than in all of these other locations.
One possible mechanism by which these sediments could have obtained an unusual δ56Fe ﬁngerprint is if they contain high levels of Fe
that originated as isotopically light Fe released from upper-slope sediments, precipitated, and then traveled to the mid-slope in benthic
boundary ﬂows. However, this is somewhat at odds with previous observations of the ‘open-marine iron shuttle’ along the Peru Margin
(Scholz et al., 2014a). Scholz et al. observed that core-top sedimentary
δ56Fe increases with depth along the Peru Margin, to values of about
+ 0.3‰ below the OMZ. This value is slightly higher than the crustal
lithogenic background value of +0.1‰, suggesting input of isotopically heavier particulate Fe from above. Additionally, Scholz et al.
ﬁnd by mass balance that accumulation of sedimentary Fe just below
the OMZ is much less than the loss of sedimentary Fe within OMZ sediments, suggesting that light δ56Fe is transported oﬀshore in the dissolved phase, rather than being transported to sediments below the
OMZ.
4.4. Is Fe from the upper-slope transported downwards by reversible
scavenging?
Finally, we consider the possibility that more Fe is released from
sediments on the upper slope, but that this Fe is subsequently carried
down through the water column to the depths of the mid-slope plume
on sinking particles. Because the concentration of organic particles
decreases strongly over depth, sinking particles can be a sink for dissolved Fe in the upper water column where adsorption exceeds desorption. Deeper in the water column, where attenuation of the particle
ﬂux results in net desorption, Fe is released back into the dissolved
phase (e.g. Boyd and Ellwood, 2010).
Two simple models were constructed in order to test this hypothesis
(Fig. 8c, d). With the ﬁrst model, which includes input of Fe from reducing sediments and irreversible scavenging of Fe onto sinking particulate organic carbon (POC), we were not able to reproduce a mid-slope
plume regardless of the value of kirreversible. Increasing kirreversible up to
about 1 mM POC− 1 nM Fe− 1 caused the Fe plume to become slightly
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Fig. 8. Simple models which seek to reproduce a plume of Fe at mid-slope depths (1000–3000 m). With input proportional to sediment surface area for every vertical grid-cell face, a
plume is not produced (A), though when input is included only from the sides of grid-cells which do not also border the bottom, a mid-slope plume is produced (B). With supply of Fe from
reducing sediments and irreversible scavenging to POC, a mid-slope plume cannot be reproduced (C). Using supply of Fe from reducing sediments and reversible scavenging onto sinking
POC with a Kreversible of 0.1 (mmol C m− 3)− 1 produces a mid-slope Fe plume similar to observations (D). Model proﬁles of Fe concentrations next to the margin demonstrate the eﬀect of
changing Kreversible on plume depth and plume shape (E).

deeper, but further increases in kirreversible above 1 did not change the
depth distribution of the Fe plume. In the second model, we found that
increasing Kreversible led to a deepening of the Fe plume. Applying a
Kreversible of 0.1 (mmol C m− 3)− 1 produced a mid-slope plume of Fe
similar to observations. Further increases in Kreversible led to both a
broadening and deepening of the plume (Fig. 8).
In situ measurements of the Kreversible for Fe in seawater are not
available, but we can check whether this value is unrealistically high
using data on POC and labile particulate Fe concentrations from the
EPZT. Using small size fraction POC concentrations from Stn 1 (Lam
et al., n.d.) and dissolved Fe concentrations from our data (interpolated
to the same depths as the particulate samples), and a Kreversible of 0.1
(mmol C m− 3)− 1, we calculate that the average concentration of reversibly scavenged Fe would be roughly 10–100 pM compared to observed ‘ligand-leachable’ Fe concentrations of 1–10 nM (Fig. 9) (Marsay
et al., n.d.). The ligand-leachable pool probably contains many Fe
phases that do not readily exchange with the dissolved phase such as
the inside of Fe oxyhydroxide minerals and Fe tightly bound in

degrading organic material. But if even a few percent of the ligandleachable pool was reversibly scavenged Fe, it could account for the
mid-slope Fe plume. Another factor not testable with this model is the
role of alternative iron carrier phases. Our model represents reversible
scavenging by POC, but this may only make up around a quarter of the
total particle mass (Lam et al., n.d.). Understanding iron scavenging
onto calcite and/or biogenic silica, which may have longer remineralization length scales, would be important to appraise in future work.
This hypothesis is more consistent with δ56Fe data. Water column
dissolved δ56Fe ﬂux from the upper-slope region is mostly in the range
of − 1.5‰ to 0‰ in both this work and the work of Chever et al.
(2015). The long term δ56Fe ﬂux of − 0.53 ± 0.15‰ calculated from
sedimentary analyses is also consistent with an isotopically light δ56Fe
source from the upper-slope (Scholz et al., 2014a). Both datasets are
similar to the dissolved δ56Fe observed within the mid-slope plume. The
δ56Fe of the ligand-leachable pool falls in a similar range (Marsay et al.,
n.d.), suggesting that it could be reversibly exchanging with the dissolved phase (Fig. 3). Fe isotope data are therefore more consistent with
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that are considered in more sophisticated models. In models such as
BEC and PISCES, scavenging is parameterized in more realistic ways,
for example by specifying that only non-ligand bound Fe (Fe′) can be
scavenged, and allowing scavenged Fe to be released back to the dissolved phase as particles remineralize (regenerative scavenging) or
representing the role of colloidal pumping and multiple carrier phases.
Fe input from resuspended sediments can be more realistically modeled
by explicitly parameterizing the eﬀects of wave energy and topographical slope on Fe input. Full iron-carbon cycle models also contain
many additional processes not represented here, such as biological
uptake and recycling of iron, and dynamic representations of ligand
chemistry, which may change the eﬀects of reversible scavenging or
oxic sedimentary input. In this regard, models that represent the interactions between Fe sources, sinks, and internal cycling in a complex
manner can make a more general assessment of the role of the processes
highlighted here.
Acknowledgements

Fig. 9. The concentration of reversibly adsorbed Fe is calculated from the observed
concentrations of POC (Lam et al., 2017), dissolved Fe concentrations presented here, and
a Kreversible of 0.1. Observations of ligand-leachable Fe are taken from Marsay et al.
(n.d.). < 10% of the labile (ligand-leachable) Fe would have to be reversibly adsorbed to
account for the higher dissolved Fe observed near the mid-slope according to our simple
reversible scavenging model.

a reversible scavenging mechanism than with a mid-slope source from
dissolution of oxic sediments, though we cannot rule out either hypothesis, or even a combination of both processes.
5. Conclusions and perspectives for future work
The observation of a mid-slope plume of dissolved Fe emanating
from the Peru margin is a particularly surprising result of the GP16
transect. While our data are not suﬃcient to determine the mechanism
that produces this feature, its persistence thousands of kilometers from
the margin suggests that it reﬂects a process of global importance to Fe
biogeochemical cycling. Furthermore, this feature is not easily explained by current conceptual or numerical models of the global Fe
cycle. We therefore suggest that better understanding the origin of the
Peru margin mid-slope Fe plume is important to advance our understanding of the global Fe cycle. We put forward three broad questions to
help guide future research: 1) What is the mechanism that leads to a
mid-slope plume of 228Ra and other lithogenic tracers near the Peru
margin, and is it the same mechanism that causes the dissolved Fe
plume?; 2) What is the chemical form (speciation) of Fe released from
resuspended oxic sediments along the Peru margin, and is it a more
persistent form than Fe released from reducing sediments?; 3) Is Fe
reversibly scavenged onto sinking particles in the ocean, and if so what
is the distribution coeﬃcient (Kreversible) for diﬀerent types of natural
particles?
Answering these questions will likely require new observations and
experiments, combined with modeling eﬀorts to formalize and synthesize our understanding of benthic Fe sources. In particular, the
modeling presented here is just a ﬁrst step towards understanding the
possible role of reversible scavenging in the global Fe cycle. While it is
intriguing to see that our simple representations of reversible scavenging and margin input can produce a mid-slope plume of Fe, it is important to note that we do not assess the role of many other processes
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