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A B S T R A C T
Particles play an important role in the marine biogeochemical cycling of iron, an essential micronutrient.
Particles of biogenic, lithogenic and authigenic origin can act as sources or sinks of dissolved iron and therefore
inﬂuence its distribution and availability to phytoplankton. However, not all particulate iron (pFe) is readily
accessible to phytoplankton and various treatments are used to estimate the bioavailable, or labile fraction of
pFe. Here we report concentration and iron stable isotope data for the “ligand-leachable” fraction of pFe, following the application of a pH 8 oxalate-EDTA leach to 0.8–51 μm-sized particles collected during the US
GEOTRACES East Paciﬁc Zonal Transect (GP16). Across the GP16 section, we identiﬁed two regions of high
labile pFe concentrations and diﬀering δ56Felabile. Within a hydrothermal plume originating from the East Paciﬁc
Rise, nearly all of the pFe was labile, with concentrations as high as 42 nM. Particulate δ56Felabile within the
hydrothermal plume averaged −0.26 ± 0.14‰ (n = 67), which is similar to both δ56Fe of hydrothermal
plume dissolved Fe and the δ56Fe of primary vent ﬂuids from previous studies, suggesting that vent ﬂuid Fe is
quantitatively precipitated as labile Fe oxyhydroxides and that the chemical form of hydrothermal dissolved and
particulate Fe are the same, though they are found in diﬀerent size classes. Elevated pFe concentrations were
also observed over the Peruvian continental shelf and extending westwards, coincident with the secondary
nitrite maximum at the top of the oxygen minimum zone (OMZ). Again, most of the pFe was within the labile
fraction, but the δ56Felabile associated with the OMZ was lighter than in the hydrothermal plume
(−0.68 ± 0.32‰, n = 41), reﬂecting its origin within reducing continental margin sediments. The open ocean
away from these features was characterized by labile and total pFe concentrations of < 0.5 nM, with roughly
50% found in the labile phase, and by highly variable δ56Felabile values, with 80% in the range of −0.5‰ to
+ 0.2‰ (n = 169). Below the hydrothermal and OMZ plumes, benthic nepheloid layer labile pFe had similar
δ56Felabile to particles in the overlying water column features, suggesting that Fe isotopes in surface sediments
may be a tracer for the location of active hydrothermal venting and oxygen minimum zones in the past ocean.

1. Introduction
The role played by iron in biochemical electron transport during
photosynthesis and respiration, and within enzymes involved in nitrogen acquisition, makes it an essential micronutrient (Morel et al.,
2004). Although iron is the fourth most abundant element in the Earth's
crust, low solubility of Fe(III), the thermodynamically stable form in
oxygenated waters (Millero, 1998), results in typically subnanomolar
concentrations of dissolved iron (dFe) in near-surface oceanic waters
(Moore and Braucher, 2008). As a result, low dFe concentrations play a
crucial role in setting rates of primary productivity, and iron is the
⁎

limiting nutrient and/or inﬂuences phytoplankton community structure
in an estimated 25–50% of the world ocean (Martin et al., 1991; Moore
et al., 2004, 2002).
Due to the typically low dFe concentrations in ocean waters, particles also play an important role in the marine biogeochemistry of iron,
acting as both a source and a sink for dFe (Boyd and Ellwood, 2010;
Lam and Bishop, 2008). This particulate iron (pFe) includes lithogenic,
biogenic and authigenic phases, which have diﬀerent sources, biogeochemistry and degrees of bioavailability (Berger et al., 2008; Boyd
et al., 2010; Kuss and Kremling, 1999). Sources of pFe to the ocean
include atmospheric deposition to surface waters, resuspension and
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Fig. 1. Map of the US GEOTRACES GP16 East Paciﬁc Zonal Transect, showing stations where in situ pumps were deployed.

transport of particles from continental margins, and in situ formation of
amorphous Fe oxyhydroxides when soluble Fe(II) is oxidized to insoluble Fe(III) following its release from reducing sediments or hydrothermal vents (Jickells et al., 2005; Lam et al., 2006; Severmann et al.,
2010; Statham et al., 2005). Biological uptake of iron followed by
sinking of non-living organic material represents a loss of biologically
available pFe from surface waters, and is exacerbated by smaller Fecontaining particles being trapped within sinking aggregates or by
precipitation and scavenging of dFe onto sinking particles (Bowie et al.,
2001; Frew et al., 2006). However, iron within phytoplankton cells and
detrital organic material is a viable source for heterotrophs, and rapid
recycling of biogenic pFe in surface waters can help sustain biological
production (Boyd and Ellwood, 2010; Strzepek et al., 2005).
Iron stable isotope measurements represent a useful tool to investigate sources and ﬂuxes of iron to the ocean (Abadie et al., 2017;
Conway and John, 2015, 2014; Labatut et al., 2014; Radic et al., 2011).
Distinct iron isotopic compositions are associated with iron from lithogenic and hydrothermal sources (Beard et al., 2003), and with dFe
released from reducing, versus non-reducing sediments (Homoky et al.,
2013; John et al., 2012; Severmann et al., 2010). Numerous studies
have examined iron isotope fractionation associated with processes that
take place within the ocean, including oxidation, reduction, adsorption,
dissolution and biological uptake (e.g. Dauphas and Rouxel, 2006;
Dideriksen et al., 2008; Staubwasser et al., 2013, 2006), and during
mixing of hydrothermal vent ﬂuids with seawater (Bennett et al., 2009;
Klar et al., 2017; Rouxel et al., 2016; Severmann et al., 2004).
Over the past decade, stable isotope techniques have been reﬁned to
the point where they are practical for making iron isotope measurements (δ56Fe) at the low iron concentrations typical of ocean waters
(Conway et al., 2013; John and Adkins, 2010; Lacan et al., 2008). The
application of these techniques to ﬁltered seawater samples has demonstrated both regional and depth-related variability in dissolved iron
δ56Fe (John et al., 2012; John and Adkins, 2012; Lacan et al., 2008).
Furthermore, the combination of iron isotope analyses of end-members
(hydrothermal vent ﬂuids, aerosols, sediment pore waters) with basinscale transects of dissolved δ56Fe has allowed estimates of the fractional
contribution of diﬀerent Fe sources to seawater dFe, proving to be a
useful tool in studying biogeochemical cycling of iron in the marine
environment (Conway and John, 2014).
Stable isotope studies of marine particulate iron must contend with
diﬀerent forms of pFe, not all of which are available for exchange with
seawater or biologically available over the residence time of particles in
the surface ocean. Some treatments use a mixture of strong acids to
break down the crystalline matrix of refractory material within samples, prior to measuring total particulate δ56Fe (e.g. Bennett et al.,

2009; Radic et al., 2011). To assess δ56Fe of the labile fraction of marine
particulate material, one must ﬁrst consider how well any iron released
into solution by a given treatment represents biologically available pFe
(i.e. “labile” pFe is operationally deﬁned), and secondly, whether the
speciﬁc conditions of the treatment are likely to bias the δ56Fe of the
iron released into solution through isotope fractionation eﬀects during
dissolution.
The oxalate-EDTA leach described by Tovar-Sanchez et al. (2003)
was designed as a trace metal clean technique to access only iron adsorbed to particle surfaces, allowing diﬀerentiation between interior
biological and exterior scavenged pFe in natural marine particulate
samples. More recently, this leach has been adapted to access cellular
material, resulting in a treatment that is thought to release into solution
both biogenic pFe and authigenic Fe oxyhydroxides, with minimal
fractionation of Fe isotopes compared to acid-based leach techniques
(Revels et al., 2015a, 2015b). This makes it a suitable method for
measuring δ56Fe of “ligand-leachable” pFe associated with natural
marine particles.
Here we present concentrations and iron stable isotope data of labile
pFe, obtained by applying the same leach to samples collected along the
entire US GEOTRACES East Paciﬁc Zonal Transect. We compare the
data to similar measurements made in the North Atlantic, and to dFe
data from the same Paciﬁc section, and we discuss in more detail what
the pFe data can tell us about iron biogeochemistry near the Peruvian
margin, and within hydrothermal plumes and benthic nepheloid layers.

2. Methods
2.1. Sample collection
The US GEOTRACES GP16 East Paciﬁc Zonal Transect (hereinafter
referred to as GP16) was carried out on R/V Thomas G. Thompson in
October–December 2013, between Manta, Ecuador and Papeete, Tahiti
(Fig. 1). The section stretched from high productivity shelf waters and
the extensive oxygen minimum zone (OMZ) of the Peruvian margin
upwelling region in the east, to oligotrophic conditions at the western
end of the transect. Stations were selected to include sampling close to
the Southern East Paciﬁc Rise (SEPR) ridge-axis, at ~15°S, 113°W
(Station 18) and along the hydrothermal plume extending over
4000 km westward from there, as previously identiﬁed by 3He analyses
(Lupton and Craig, 1981).
Size-fractionated samples (> 51 μm and 0.8–51 μm) of particulate
material were collected using battery powered McLane in situ pumps,
as described elsewhere (Heller et al., 2017; Ohnemus and Lam, 2015).
Depth proﬁles were carried out at four shelf/slope stations (Stations
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2–5), 13 full stations, and ﬁve superstations (Stations 1, 11, 18, 26 and
36), and involved deployments of between ﬁve and eight pumps at
shelf/slope stations, 16 pumps (two casts of eight pumps) at full stations
or 24 pumps (three casts of eight pumps) at superstations. Samples for
trace metal analyses were collected on paired 142 mm diameter 0.8 μm
polyethersulfone (Supor) ﬁlters loaded underneath a 51 μm polyester
mesh preﬁlter, through which 300–500 L of seawater were typically
pumped, following the recommendations of a study into in situ pump
sampling methods (Bishop et al., 2012). Only the 0.8–51 μm size fraction is discussed here, and only the upper 0.8 μm ﬁlter was processed
for both labile and total pFe concentrations, meaning that the
0.2–0.8 μm size fraction was likely under-sampled. However, comparison of upper and lower ﬁlter labile pFe concentrations for 25 samples
indicate that on average the material from the backing ﬁlter contributed < 5% of labile pFe. Subsamples of each 0.8 μm ﬁlter pair were
cut using a ceramic rotary blade, with 1/16th of the upper 0.8 μm ﬁlter
treated with the oxalate-EDTA leach and separate 1/16th or 1/8th
subsamples subjected to a total digest procedure.
2.2. Leach procedure and sample puriﬁcation
The oxalate-EDTA leach solution was prepared as described in
Revels et al. (2015a) and cleaned before use, to lower the Fe concentration, by addition of hydroxylamine, perchlorate and 1,10-phenanthroline, and extraction of the resulting ferrous ion complex into
1,2-dichloroethane (Tovar-Sanchez et al., 2003). All plasticware used
was rigorously acid cleaned prior to use, following Conway et al.
(2013), and high purity acids, obtained by sub-boiling distillation in
quartz (hydrochloric acid) or Teﬂon PFA (nitric acid) stills, were used.
All sample processing was carried out in ﬂow benches with ultra low
particulate air (ULPA) ﬁltration, in a clean air laboratory at the University of South Carolina.
Application of the leach was similar to that described in Revels et al.
(2015a). Each ﬁlter section was loosely folded and sealed in a 2 mL
polyethylene vial (Nalgene) with 1 mL of oxalate-EDTA leach solution
and heated at 90 °C for 2 h. The leachate was subsequently transferred
to a 3 mL polyethylene/polypropylene syringe (Norm-Ject) and ﬁltered
through a 4 mm polypropylene syringe ﬁlter with 0.45 μm PTFE
membrane (Whatman) into a clean 2 mL vial. Multi-element concentration analyses were carried out on a Thermo-Element II sector
ﬁeld inductively coupled plasma mass spectrometer (ICP-MS) at the
University of South Carolina Center for Elemental Mass Spectrometry
(CEMS). Concentration samples were prepared by diluting an aliquot of
the leachate to 5% of original concentration with 0.1 M HNO3 and
measuring signal intensity relative to matrix-matched standards, prepared by diluting the oxalate-EDTA solution to 5% concentration with
0.1 M HNO3. All samples, blanks and standards were prepared containing 10 ppb In as an internal standard.
Following concentration analysis, aliquots of each leachate, typically containing 75 ng of Fe, were transferred to 7 mL Teﬂon PFA vials.
For some samples, low Fe concentration within the leachate meant that
a smaller amount of Fe had to be used. Each sample was spiked with an
Fe double-spike solution, containing roughly equal amounts of 57Fe and
58
Fe, to give a 1:2 natural-to-spike Fe ratio. These spiked samples were
evaporated to dryness, then reacted with 150 μL of concentrated HNO3
and 150 μL of concentrated H2O2 at 200 °C for 2.5 h to digest organic
material in the leachate, before being dried down a second time.
Samples were then reconstituted in 200–600 μL of 10 M HCl with
0.01% v/v H2O2 and puriﬁed by anion exchange chromatography.
Following Conway et al. (2013), samples were loaded onto columns of
AG-MP1 resin and, after ﬁrst eluting salts and Cu from the columns, Fe
was eluted with 800 μL of 1 M HCl and collected in clean Teﬂon PFA
vials. Samples were then dried down and reconstituted in 1.5 mL of
0.1 M HNO3 for isotopic analysis.
Although no certiﬁed reference materials were treated with the
leach reagent in this study, applications of the procedure to duplicate

aliquots of MESS-3 (marine sediment, National Research Council of
Canada) and two other natural particulate samples (Cariaco Basin sediments and Arizona Test Dust) during method development showed
5–10% reproducibility of concentration data (Revels et al., 2015b).
2.3. Iron stable isotope analysis
Iron stable isotope ratios were measured at CEMS using a Thermo
Neptune multi-collector ICP-MS, following established methods
(Conway et al., 2013; Revels et al., 2015a). Samples were introduced at
a concentration of 50 ppb sample and 100 ppb Fe double-spike (occasionally lower due to low concentrations of leachable Fe in the ﬁltered
material) using an ESI Apex-Q introduction system without a desolvating membrane. Instrumental bias was corrected using the doublespike, and 53Cr and 60Ni were monitored in order to correct for isobaric
interferences from Cr and Ni.
The Fe stable isotope ratios are reported in delta notation, relative
to the IRMM-014 isotope standard, such that:

(56Fe 54 Fe)sample
δ56Fesample (‰) = ⎜⎛ 56
− 1⎟⎞ × 1000
54
(
Fe
Fe)
IRMM
014
−
⎝
⎠

(1)

The internal analytical error (2σ) for δ56Fe ranged from 0.02‰ for
most samples, introduced at 50 ppb sample concentration, to 0.10‰ for
a small number introduced at 5 ppb sample concentration. In addition,
the double-spike method gives a very accurate measurement of the
sample/spike ratio of samples. As a result, labile pFe concentrations
reported here are determined from isotopic analyses, rather than the
initial measurements made on the Thermo Element ICP-MS.
2.4. Leach reagent blanks and ﬁlter blanks

Two batches of the oxalate-EDTA reagent were prepared. The ﬁrst
contained 13.3 ± 0.2 ng g− 1 Fe, with δ56Fe of − 5.37 ± 0.06‰
(mean ± 1σ, n = 4), and was used for all samples and dipped ﬁlter
blanks except those from Stations 25, 28, 30, 32 and some from Station
23. The second batch, used for the remaining samples and blanks,
contained 122.4 ± 0.8 ng g− 1 Fe, with δ56Fe of − 4.99 ± 0.07‰
(n = 4) (Table 1). Leach reagent blank corrections were made to all
samples and dipped ﬁlters. This represented a signiﬁcantly higher
fraction of measured concentrations for samples and ﬁlter blanks leached with the second batch of reagent (Table 1), though the excellent
precision of leach blank replicates meant that it contributed little to the
overall uncertainty in calculated sample concentrations.
In addition, an average dipped ﬁlter blank was calculated at
7.5 ± 4.4 ng g− 1 (n = 34), equivalent to a labile pFe concentration of
~2.1 nmol/ﬁlter, or ~0.01 nM, based on typical volumes ﬁltered. The
limit of detection calculated from propagated standard deviations of
reagent and dipped ﬁlter blanks was calculated at ~0.02 nM for both
reagent batches, based on typical volumes ﬁltered, with most of this
due to variations in dipped ﬁlter blanks. All blank-corrected samples
except one had concentrations above this limit of detection. With the
Table 1
Summary of blanks and detection limits associated with oxalate-EDTA leach treatment.
Samples were corrected for a leach blank and dipped ﬁlter blank. Detection limits relate
to total blank corrections.

Batch 1
Batch 2

Leach Fe
blank
(ng g− 1)

Dipped
ﬁlter Fe
blank
(ng g− 1)

Detection
limit from
combined
blank
(ng g− 1)

Median blank
contribution
to sample Fe

No. of
samples

13.3 ± 0.2
(n = 4)
122.4 ± 0.8
(n = 4)

7.5 ± 4.4
(n = 34)
7.5 ± 4.4
(n = 34)

13.1

5%

247

13.3

48%

94
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reagent blank and dipped ﬁlter blank well quantiﬁed, uncertainty in
measured labile pFe concentrations is dominated by the uncertainty
associated with the leach procedure itself, which ranges from 5 to 10%,
based on treatments of replicate natural particulate samples (Revels
et al., 2015b).
The dipped ﬁlter blanks were not used to correct sample δ56Fe values, due to low Fe concentrations and the low volume of leachate
available. Instead, following Revels et al. (2015a), reagent blank δ56Fe
corrections were made to measured values using the isotopic mass
balance equation:

δ56FeS =

δ56FeM × [Fe]B + δ56Fe M × [Fe]S − δ56FeB × [Fe]B
[Fe]S

as Station 36. Near the Peruvian margin, [Felabile] of > 5 nM was detected in the upper 500 m at Station 1 and the shelf/slope stations, 2–5.
Elevated [Felabile] was also measured within benthic nepheloid layers at
several stations (Figs. 2a, 3).
The iron stable isotope signature of labile pFe, δ56Felabile, ranged
from −1.39‰ to + 0.96‰ (Figs. 2c, 4), with a mean ( ± 1σ) value of
− 0.35 ± 0.31‰ (n = 341). The majority (89%) of samples had
δ56Felabile below 0‰. At each station, δ56Felabile was generally more
variable in the upper 1000 m than in the deep ocean (Fig. 4).
3.2. Total pFe concentration

(2)

where S, M and B represent sample, measured and blank values, and
[Fe] represents iron concentration of the leachate. Uncertainties in
δ56Fe reported here are propagated from 2σ internal error of sample
analyses and uncertainties in the reagent blanks.
Labile pFe concentrations are reported here as nanomolar concentrations, based on blank corrected leachate Fe concentration, the
fraction of ﬁlter used and the volume of seawater pumped through the
ﬁlter. All ligand-leachable pFe concentration and δ56Fe data are publicly available at the Biological and Chemical Oceanography Data
Management Oﬃce (BCO-DMO) online data repository (www.bco-dmo.
org/dataset/669178).
2.5. Total digest procedure
Separate subsamples of the top Supor ﬁlter, representing 1/16th or
1/8th of the ﬁlter area (about 25–50 L equivalent volume ﬁltered),
were digested in a HEPA-ﬁltered venting fume hood at the University of
California, Santa Cruz (UCSC), for determination of total particulate
trace metal concentrations in the 0.8–51 μm size fraction (Heller et al.,
2017; Lee et al., in this issue). Brieﬂy, the polyethersulfone ﬁlter was
ﬁrst completely dissolved in the highly oxidizing Piranha reagent (3:1
H2SO4:H2O2), and then particles, including lithogenic material, were
dissolved in a strong acid mixture containing 4 M each of HNO3, HCl
and HF (Ohnemus et al., 2014; Ohnemus and Lam, 2015). After drying
down, the ﬁnal remaining droplet was brought up in 2 mL 5% HNO3
with 1 ppb In as an internal standard, and analyzed on a Thermo Scientiﬁc Element XR ICP-MS in the UCSC Plasma Analytical Facility. The
median dipped blank ﬁlter was subtracted from all samples. Regular
application of this procedure to two certiﬁed reference materials gave
Fe recoveries of 106 ± 8% (mean ± 1σ; n = 12) for BCR-414
(freshwater plankton) and 84 ± 6% (n = 12) for PACS-2 (coastal
marine sediment) (Heller et al., 2017; Lee et al., in this issue).
Uncertainty in the total pFe concentration was typically dominated
by uncertainty in the dipped blank ﬁlter subtraction (14%), followed by
that from repeat analyses (5%). The detection limit, deﬁned as three
times the standard deviation of dipped blank ﬁlters, was 54 nmol/ﬁlter,
which translates to a detection limit of 0.14 nM, given typical volumes
ﬁltered. The signiﬁcantly higher detection limit and ﬁlter blank subtraction, relative to those for the labile pFe dipped ﬁlter blank, is largely
due to digestion of the ﬁlter matrix.
3. Results
3.1. Labile pFe concentration and isotopic composition
Concentrations of labile particulate iron, [Felabile], spanned four
orders of magnitude (0.01–42.0 nM; n = 341). Median [Felabile] was
0.19 nM and 79% of all samples had [Felabile] < 1 nM (Figs. 2a, 3).
Highest concentrations were measured in samples collected from a
neutrally buoyant hydrothermal plume near the SEPR, at Stations 18
and 20, which included the only samples with [Felabile] above 10 nM.
Elevated [Felabile] of > 1 nM was associated with the plume at all stations as far as Station 28, with a weaker plume signal still evident as far

Concentrations of iron measured following the total digest method,
[Fetotal], also spanned four orders of magnitude, from 0.01–34.6 nM,
with a median value of 0.35 nM. Despite the large range, 78% of
samples had [Fetotal] < 1 nM. As for [Felabile], the highest concentrations were associated with the SEPR hydrothermal plume (Fig. 2b).
Most samples from Stations 1–5, closest to the Peruvian margin, also
had [Fetotal] of > 1 nM, as did a few samples collected from benthic
nepheloid layers along the section.
Using [Felabile] and [Fetotal] for each sample, we calculated the
fraction of total pFe present in labile phases, flabile (=[Felabile] /
[Fetotal]; Fig. 2d). In some cases, the calculated flabile was > 1, due to
analytical uncertainties, heterogeneous particle distribution on ﬁlters,
and a dominant [Felabile] contribution to [Fetotal] (see Section 4.1.2).
Digest samples from Stations 26 and 36 were subjected to the same
Fe double-spike addition and anion exchange chromatography puriﬁcation process described for leach samples (see Methods), and analyzed for stable iron isotope ratios (δ56Fetotal). This small dataset
showed less variability than the more numerous δ56Felabile data, with
values ranging from −0.36‰ to + 0.40‰ (Fig. 5), and a mean ( ± 1σ)
of + 0.06 ± 0.20‰ (n = 47).
4. Discussion
4.1. General features of pFe along the GP16 transect
4.1.1. Labile and total pFe concentrations
In order to compare diﬀerent aspects of the GP16 section, we split
the data into diﬀerent sub-divisions (Table 2). These include samples
collected from the OMZ in the eastern part of the transect, deﬁned by
dissolved oxygen concentrations of < 20 μmol kg− 1, and from the hydrothermal plume that spreads westward from the SEPR. For the purposes of this study, we deﬁne plume samples as those collected between
2200 and 3000 m at stations west of and including Station 18, which
coincides roughly with the 75 fmol kg− 1 excess 3He contour (Fig. 2).
We divide the rest of the data into subsets east (Stations 1–17) and west
(Stations 18–36) of the SEPR, and further split between deep (> 100 m
depth) and surface (< 100 m depth) ocean, the latter of which includes
all surface mixed layer and deep chlorophyll maximum (DCM) samples.
A small number of samples are deﬁned as benthic nepheloid layer (BNL)
samples when [Felabile] and [Fetotal] proﬁles show an increase with
depth within 500–1000 m of the seaﬂoor.
The distributions of [Fetotal] and [Felabile] varied in similar ways
across the entire GP16 dataset (Fig. 6), and over the entire section,
median [Fetotal] was almost double that of [Felabile], at 0.35 nM, compared to 0.19 nM. Both [Felabile] and [Fetotal] were highest in the SEPR
hydrothermal plume and near the Peruvian margin, and lower for
samples more distant from these sources of pFe input (Fig. 2a, b,
Table 2). Excluding hydrothermal plume and OMZ samples, deep ocean
[Felabile] values were typically lower in the western part of the section
(Table 2), a characteristic shared by dFe distributions along GP16
(Fig. 7). The lowest average concentrations of iron were measured in
surface waters, where median [Felabile] was < 0.1 nM, while BNL
[Felabile] and [Fetotal], where sampled, were elevated over deep ocean
values.

C.M. Marsay et al.

Depth (m)

(a) [Felabile] (nM)

(b) [Fetotal] (nM)
1

1

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

0

0

Longitude

Longitude

(c) δ56Felabile (‰)

(d) flabile
+0.50

1

+0.25

Depth (m)

0.8
0.0

0.6

0.4

0.2

0

Longitude

Longitude

Fig. 2. Distribution and characterization of pFe from the GP16 transect: (a) labile (ligand-leachable) pFe concentrations, [Felabile]; (b) total pFe concentrations, [Fetotal]; (c) labile pFe
stable iron isotope ratios, δ56Felabile; (d) fractional contribution of labile pFe to total pFe, flabile. Lower panels show the full depth proﬁles while upper panels show expanded proﬁles of the
upper 1000 m. Dotted outline in top panels indicates extent of the oxygen minimum zone (O2 < 20 μmol kg− 1). Dashed line in bottom panels indicates the 75 fmol kg− 1 contour of
3
Hexs, relating to a neutrally buoyant hydrothermal plume spreading west from Station 18.

The concentration ranges of [Felabile] and [Fetotal] observed during
this study were similar to those measured during the US GEOTRACES
North Atlantic (GA03) section, although maximum and median concentrations of each were higher for GA03 (Revels et al., 2015a) and
concentrations of < 0.1 nM were more widespread along GP16. This is
likely due to diﬀerences in section placement and biogeochemical
considerations, including greater atmospheric inputs of pFe along GA03
compared to GP16 (Jickells et al., 2005; Mahowald et al., 2005), and
the fact that GA03 was a full basin transect, with margin inﬂuences at
each end (Ohnemus and Lam, 2015).
4.1.2. Fraction of labile pFe
It is apparent from Fig. 2d that flabile was calculated at > 1 for a
small number of GP16 samples (~ 15% were > 1, though only nine
samples had flabile of > 1.5), suggesting an overestimation of [Felabile]
or underestimation of [Fetotal]. These instances are likely due to a
combination of the level of precision of ICP-MS measurements of both
samples and ﬁlter blanks, to uncertainties in the exact size of ﬁlter
fraction used for each analysis, to uneven ﬁlter loading during sample
collection, and to the precision of the leaching procedure. Replicate
analyses carried out on natural particles suggest that the latter represents a 5–10% error in [Felabile] (Revels et al., 2015a). For [Fetotal]

measurements the greatest uncertainty at low concentrations was in the
blank ﬁlter subtraction. At high Fe concentrations, where blank subtraction was negligible, the discrepancies in flabile are likely due to
heterogeneity of particle distribution on ﬁlters, as leach and digest
procedures were carried out on diﬀerent ﬁlter sections. As discussed by
Bishop et al. (2012), heterogeneity in particle distribution typically
increases with sample depth, as the fraction of sticky organic matter
decreases. Images of ﬁlters taken at sea conﬁrm that some samples,
particularly those from deeper in the water column, had poor particle
distribution (Fig. S1).
Despite the uncertainty associated with calculating flabile, some
notable features are apparent (Fig. 2d, Table 2). Samples collected from
the hydrothermal plume and from the OMZ had flabile ≈ 1, indicating
that pFe from each was readily dissolved by the oxalate-EDTA leach.
The inﬂuence of the OMZ and shelf-derived labile pFe is also evident in
deeper waters for the eastern part of the section, which had generally
higher flabile values compared to those further west (median of 0.7,
compared to 0.5). Particles collected close to the seaﬂoor often had
relatively low flabile, notably those from stations near the Peruvian
margin (see Section 4.4).
Somewhat surprisingly, flabile values for samples collected in the
DCM, which varied from 6 to 38 m depth on the shelf to 45–95 m
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Fig. 3. Depth proﬁles of labile pFe concentration by station. Note diﬀerent depth scales for Stations 2–5, and varying concentration scales in the diﬀerent plots.

further west, averaged only 0.5, though they ranged from 0.1–1. As the
leach treatment is designed to extract iron associated with cellular and
detrital biological material it might be expected that samples from the
DCM would be close to 1 (Revels et al., 2015a). That this was not always the case may be a result of the very low surface ocean pFe concentrations, resulting in greater relative uncertainty following blank
subtractions for both [Felabile] and [Fetotal]. Values of [Felabile]
were < 0.1 nM for all DCM samples west of Station 1, while several
DCM blank-corrected [Fetotal] values were below the detection limit of
0.14 nM. In addition, higher [Fetotal] for DCM samples at Stations 34
(0.38 nM at 45 m) and 36 (0.19 nM at 75 m) may indicate contributions
of lithogenic material from dust deposition, from material carried
eastwards in the Equatorial Undercurrent (Radic et al., 2011), or from
material originating from islands to the north or south of the western
end of the section (Fig. 1).
4.1.3. Particulate δ56Fe
Ligand-leachable pFe was generally isotopically light compared to
continental material (δ56Fe ~0‰; Beard et al., 2003) and was also light
compared to dissolved iron (δ56Fediss) throughout the GP16 section
(Figs. 2c, 7). Lightest values of δ56Felabile were found at the eastern end
of the section (Table 2), with a median of −0.71‰ for Stations 1–9,
compared to −0.30‰ for Stations 11–30 and − 0.11‰ for Stations
32–36. This pattern follows the distribution of δ56Fediss along the section, which was typically light in the eastern half and heavy in the
western half (John et al., 2017). The trend in δ56Felabile is evident in
both surface and deep waters (Table 2) and the distribution of δ56Felabile
(and δ56Fediss) likely represents a decreasing inﬂuence from east to west
of isotopically light Fe derived from reducing sediments (Chever et al.,
2015; Severmann et al., 2006), a greater relative contribution from
atmospheric deposition farther from the margin (Beard et al., 2003;

Labatut et al., 2014) and a greater inﬂuence (at depth) in the west from
hydrothermal iron (Fitzsimmons et al., 2017). The release of heavier
dFe (~+0.2‰) from non-reducing sediments to the deep ocean and to
near-surface waters around nearby islands likely also contributes to
heavier δ56Felabile and δ56Fediss values farther west (Homoky et al.,
2013; Radic et al., 2011).
The greater variability in δ56Felabile observed throughout the upper
1000 m (Fig. 4) is partly due to the lower concentrations measured,
resulting in less Fe in samples for isotope measurements and so lower
precision, as indicated by larger error bars (e.g. Stations 28 and 30).
More signiﬁcantly, the upper few hundred meters are associated with
more processes that may aﬀect stable isotope composition of labile pFe,
such as photochemical reduction and subsequent oxidation, biological
uptake, release of dFe during remineralization of organic material,
precipitation of Fe oxyhydroxides, and partial dissolution of iron associated with atmospheric dust (Dideriksen et al., 2008; Ellwood et al.,
2015; John and Adkins, 2012; Radic et al., 2011).
At two stations where isotope analyses were carried out on total
particle digest samples, the median diﬀerence between δ56Felabile and
δ56Fetotal (Δδ56Felabile-total) was −0.15‰ (Fig. 5). This is smaller than
the average Δδ56Felabile-total of − 0.39‰ observed for the GA03 section
(Revels et al., 2015a), which may simply be due to the smaller δ56Fetotal
dataset available from GP16, but may also reﬂect biogeochemistry at
the two stations for which it was measured. Labile pFe contributed a
greater fraction to total pFe at GP16 stations 26 and 36 (median
flabile = 0.5, n = 50) than on average during GA03 (median
flabile = 0.3, n = 175). Comparison of δ56Fe depth proﬁles shows distinctly lighter values of δ56Felabile and particularly δ56Fetotal at
2200–3000 m depth at Station 26 (Fig. 5b) than at Station 36 (Fig. 5d)
due to the greater inﬂuence of hydrothermal iron at the former (Fig. 5a,
c).
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Fig. 4. Depth proﬁles of the iron stable isotope signature (δ56Fe) of labile pFe by station. Note diﬀerent depth scales for Stations 2–5 and diﬀerent δ56Fe scale for Stations 25 and 26.

The predominantly light δ56Felabile values, relative to those of
δ Fediss throughout the GP16 section (Fig. 7) indicate that any transfer
between the two phases preferentially partitions heavier isotopes to the
dissolved fraction and/or lighter isotopes in the labile particulate
fraction. This was true both in the western part of the section, where
δ56Fediss was heavier than crustal values, and within the plume of elevated Fe concentrations extending from the Peruvian margin (John
et al., 2017), and was also observed throughout the GA03 section
(Conway and John, 2014; Revels et al., 2015a), suggesting a widespread phenomenon. One potential mechanism for this is preferential
precipitation as oxyhydroxides and/or scavenging of isotopically light
Fe, leaving behind heavier dFe. This is consistent with the observed
isotopically heavy dFe within the OMZ, despite much lighter values
close to the reducing sedimentary source (John et al., 2017).
56

4.2. Hydrothermal plume Felabile
Highest [Felabile] and [Fetotal] values were measured in plume
samples at Station 18, closest to the vent site on the SEPR (Figs. 2a, b,
3), which also yielded the highest concentrations along the section for
dFe and pFe from GO-FLO bottle samples (Fitzsimmons et al., 2017;
Resing et al., 2015). At Stations 18 and 20, within ~100 km of the ridge
axis, flabile values of ~1, indicate that essentially all of the plume pFe
was labile. Analysis of plume particulate material revealed that up to
60% of total mass in the small size fraction consisted of newly precipitated Fe oxyhydroxides (Fitzsimmons et al., 2017; Lam et al., in this
issue), which are known to form near hydrothermal vents as dFe in hot,
anoxic hydrothermal ﬂuid mixes with cold, oxygenated sea water
(Rudnicki and Elderﬁeld, 1993).
For near-ﬁeld hydrothermal samples, the dFe and labile pFe isotope
ratios were indistinguishable within analytical error, with δ56Felabile of

− 0.25 ± 0.08‰ (n = 22) compared to δ56Fediss for Station 18 of
− 0.19 ± 0.05‰ (n = 4). This suggests that the only diﬀerence between pFe and dFe in the near-ﬁeld neutrally buoyant plume is size – a
mixture of particulate and colloidal-sized inorganic Fe(III) oxyhydroxides (Fitzsimmons et al., 2017). Although no vent ﬂuid samples were
collected during GP16, near-ﬁeld δ56Felabile and δ56Fediss both fall
within the range of δ56Fe values measured for high temperature vent
ﬂuids (− 0.2‰ to − 0.6‰) at various sites in the Paciﬁc and North
Atlantic oceans (Beard et al., 2003; Bennett et al., 2009; Klar et al.,
2017; Rouxel et al., 2016; Severmann et al., 2004). We therefore
speculate that the near-ﬁeld δ56Felabile closely resembles the iron isotope signature of the vent ﬂuid end-member at the SEPR vent from
which the plume originated.
Severmann et al. (2004) interpreted the similarity between δ56Fe of
neutrally buoyant plume particles originating from a North Atlantic
vent and those of the vent ﬂuid as near-quantitative mass conservation
as vent ﬂuid Fe(II) was oxidized to form Fe(III) oxyhydroxides by the
time the plume had become neutrally buoyant. Our δ56Felabile and
δ56Fediss also match the − 0.19 ± 0.09‰ calculated by Bennett et al.
(2009) speciﬁcally for Fe oxyhydroxide particles formed in a buoyant
plume on the Mid-Atlantic Ridge. This is supported by only a minor
contribution from Fe(II) minerals to pFe in plume samples at Stations
18 and 20 during GP16 (Fitzsimmons et al., 2017). There is therefore no
evidence in our δ56Felabile data of the variability associated with early
(buoyant) plume dynamics, attributed to Fe-sulﬁde formation, and Feoxyhydroxide precipitation from partial Fe(II) oxidation (Klar et al.,
2017; Rouxel et al., 2016; Severmann et al., 2004).
Westward from the SEPR, maximum plume [Felabile] dropped signiﬁcantly from 42 nM at Station 18 to 6.9 nM at Station 21, some
120 km further west, mirroring the loss of [Fetotal] (Fig. 2a, b). Values of
flabile remained at ~1. This loss is attributed to near-ﬁeld self-
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Fig. 5. Concentration and isotope ratio data for labile and total
pFe at Stations 26 and 36. (a) [Felabile] and [Fetotal] at Station 26.
(b) δ56Felabile and δ56Fetotal at Station 26. (c) [Felabile] and
[Fetotal] at Station 36. (d) δ56Felabile and δ56Fetotal at Station 36.
Note diﬀerent concentration scales in (a) and (c).

aggregation of plume particles to form larger particles that then sink to
the seaﬂoor (Fitzsimmons et al., 2017). An apparent break in the pFe
plume at Station 23, with maximum [Felabile] of < 1 nM, is probably
due to a meridional circulation feature shifting the core of the plume
slightly to the north of the transect (Jenkins et al., 2017), as peak
[Felabile] was back up to 2.6 nM at Station 25, and then decreased more
gradually with distance further west until becoming barely distinguishable from background concentrations by Station 36 (Figs. 2a, 3).
Values of [Fetotal] within the plume showed a similar pattern (Fig. 2b).
Peak concentrations within the plume of both labile and total pFe

gradually deepened along the section, from 2450 m at Station 18 to
2800 m at Station 32, due to the relatively dense Fe oxyhydroxide
particles being embedded within low speciﬁc gravity organic matter
(Fitzsimmons et al., 2017).
Despite the signiﬁcant decrease in [Felabile] along the plume, values
of δ56Felabile varied little, averaging − 0.26 ± 0.14‰ for all plume
samples (n = 67) and ranging from − 0.25 ± 0.08‰ at Stations 18
and 20 to −0.38 ± 0.07‰ at stations 21–28, and − 0.15 ± 0.14‰
at stations 30–36. This is consistent with the loss of plume pFe occurring mainly by physical processes (aggregation into larger, sinking

Table 2
Regional and depth-related diﬀerences in [Felabile], δ56Felabile and flabile along the GP16 section. OMZ = oxygen minimum zone, HT plume = hydrothermal plume, BNL = benthic
nepheloid layers.
δ56Felabile (‰)

[Felabile] (nM)

Surface ocean E
Surface ocean W
OMZ
Deep ocean E
Deep ocean W
HT plume
BNL

Range

Median

Range

0.02–1.4
0.01–0.15
0.02–9.3
0.01–1.8
0.02–3.6
0.12–42.0
0.22–2.9

0.04
0.03
1.2
0.19
0.08
0.82
0.52

−0.83
−0.44
−1.11
−0.85
−1.39
−0.54
−0.89

to
to
to
to
to
to
to

+ 0.14
+ 0.96
+ 0.54
+ 0.18
+ 0.21
+ 0.17
− 0.03

flabile

n

Mean ± 1σ

Median

Range

Median

− 0.26
+ 0.06
− 0.68
− 0.44
− 0.26
− 0.26
− 0.50

− 0.22
+ 0.02
− 0.75
− 0.46
− 0.25
− 0.28
− 0.48

0.1–1
0.1–0.9
0.3–1
0.3–1
0.1–1
0.2–1
0.2–1

0.6
0.5
0.9
0.7
0.5
1
0.5

±
±
±
±
±
±
±

0.26
0.34
0.32
0.24
0.27
0.14
0.20

19
26
41
65
86
67
32
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particles or reversible scavenging), rather than chemical reactions,
which would be expected to result in larger changes in δ56Fe (e.g.
Dauphas and Rouxel, 2006).
Plume values of flabile remained close to 1 as far as Station 28
(Fig. 2d), and at Station 26, δ56Fetotal data for plume samples were almost identical to δ56Felabile (Fig. 5b). A similar observation was made
from samples from the TAG plume during GA03 (Fig. 8 of Revels et al.,
2015a). Westward of Station 28, plume flabile decreased to ~0.6 by
Stations 32 and 34, and ~ 0.5 by Station 36, similar to the values
measured in the water column above the plume. This is partly due to
plume [Felabile] decreasing to deep ocean background concentrations at
the westernmost stations (Figs. 2d, 3), but also due to an increasing
contribution to [Fetotal] at plume depths from lithogenic material in this
portion of the transect. This material may originate from subsurface
sources of lithogenic material, such as the Tuamotu Plateau (south of
Stations 32–36, at ~15°S) or around the Marquesas Islands (north of
the transect, between Stations 30–32), or it may be a result of slightly
higher atmospheric dust deposition at the western end of the transect,
relative to Stations 13–25 (Lam et al., in this issue; Lee et al., in this
issue). This may also explain the larger oﬀset between δ56Felabile and
δ56Fetotal measured in deep samples at station 36 (Fig. 5d), where values of the latter were close to the ~0‰ of lithogenic material (e.g.
Beard et al., 2003).
Fig. 6. Comparison of [Felabile] and [Fetotal] for diﬀerent subsets of the section data. Main
panel shows samples with concentrations of 0–5 nM. Inset panel includes high concentration samples, with extent of the main panel indicated by the red box. Ranges and
medians of [Felabile] and of flabile for each subset of data are given in Table 2. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

(a)

4.3. Peruvian margin Felabile
The Peruvian margin portion of the GP16 section encompassed
shelf, slope and open ocean stations, and included samples collected
above, within and beneath the South Paciﬁc OMZ. The OMZ results

Depth (m)

Fe concentration (nM)

Longitude
δ56Fe (‰)

Depth (m)

(b)

Longitude

Fig. 7. Comparison of labile pFe and dFe distributions.
(a) [Felabile] data (dots) overlaid on dFe concentration
data. Contours are for 1 nM (dashed) and 0.1 nM (solid)
dFe. (b) δ56Felabile data (dots) overlaid on δ56Fediss data.
Contour is for δ56Fediss of 0‰.
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from sluggish circulation, combined with high oxygen demand due to
intense degradation of organic matter in the highly productive upwelling regime along the Peruvian/Chilean coastline, and stretches as far as
~ 37°S from the equator and reaches ~140°W at its greatest extent
(Fuenzalida et al., 2009). Along the GP16 section the OMZ extended as
far west as Station 13. On the shelf it extended from 20 or 30 m depth to
the seaﬂoor, and the upper oxycline gradually deepened oﬀshore from
east to west. The vertical extent was greatest (~ 700 m thick) at slope
and oﬀshore Stations 5 and 1, and gradually thinned with distance
further oﬀshore (Fig. 2). The Peruvian margin sampling also revealed
evidence of material apparently resuspended from slope sediments
beneath the OMZ.
4.3.1. Felabile and δ56Felabile within the OMZ
Stations 2, 3 and 4, on the Peruvian shelf and upper slope, each had
near-seaﬂoor concentration maxima for total dFe and dFe(II) (Heller
et al., 2017; John et al., 2017), in line with previous Peruvian shelf
observations (Hong and Kester, 1986; Noﬀke et al., 2012; Scholz et al.,
2014a, 2011). The dFe maxima are likely due to diﬀusion into the low
oxygen water column, from sediment porewaters, of isotopically light
dFe(II) formed by dissimilatory iron reduction of reactive Fe oxyhydroxides in the sediments (Burdige, 1993; Severmann et al., 2006). Although at Station 2, δ56Fediss was isotopically light and dFe(II) accounted for the majority of total dFe throughout the OMZ, at Stations 3
and 4, δ56Fediss was ~0‰ throughout the OMZ except close to the
seaﬂoor (John et al., 2017), and the percentage dFe(II) contribution to
total dFe decreased with height above the seaﬂoor (Heller et al., 2017).
Each station also had elevated [Felabile] throughout the water
column (Fig. 3), with highest concentrations in the upper part of the
OMZ, coincident with maxima in nitrite concentration (Heller et al.,
2017) Values of flabile were ~1 and, with one exception (see below),
Felabile was isotopically light, averaging − 0.71 ± 0.20‰ (n = 16),
and similar to previous values inferred for Peruvian shelf pFe from
diﬀerences in δ56Fe between ﬁltered and unﬁltered samples (Chever
et al., 2015).
Oxygen minimum zone δ56Felabile was similarly light in oﬀ-shelf
waters, averaging −0.70 ± 0.28‰ (n = 28), while [Felabile] was
generally lower than on the shelf. However, a subsurface [Felabile]
maximum, coincident with the secondary nitrite maximum (SNM),
persisted oﬀshore as far west as Station 13, decreasing from 7.3 nM at
Station 5 to 0.32 nM at Station 13 (Fig. 3), and this pattern was paralleled by [Fetotal] (Fig. 2c). The depth of this maximum increased as
the SNM deepened, from ~65 m on the shelf to ~250 m by Station 13,
following the deepening of the 26.1–26.55 kg m− 3 density surfaces. A
similar persistence of measurable dFe(II) concentrations within the
SNM (Heller et al., 2017) mirrored previous observations from the
Peruvian margin and has also been observed in the Arabian Sea OMZ
(Kondo and Moﬀett, 2015; Moﬀett et al., 2007; Vedamati et al., 2014).
Throughout the oﬀ-shelf OMZ, flabile remained high (median 0.9;
Fig. 2d).
Synchrotron X-ray analyses show the OMZ pFe samples to be
dominated by Fe(III) oxyhydroxides, including lepidocrocite (γ-FeO
(OH)), indicating that Fe oxidation occurred in the presence of aqueous
Fe(II) (Heller et al., 2017). Thus the low δ56Felabile values suggest that
elevated [Felabile] through the OMZ is due to oxidation of light dFe(II)
released from reducing sediments as it diﬀuses through the water
column. The observed [Felabile] maxima near the top of the OMZ may be
due to mixing of anoxic waters with oxic waters in the upper oxycline,
causing greater precipitation of Fe(III) oxyhydroxides (Scholz et al.,
2011; Staubwasser et al., 2013). Alternatively, the upper OMZ [Felabile]
maxima may represent in situ oxidation of dFe(II) released from anoxic
sediments further inshore and transported laterally along isopycnals
(Heller et al., 2017). Evidence for lateral transport of dFe(II) comes
from the observed correlation between dFe(II) and excess 228Ra (a
tracer of recent diﬀusion from sediments) (Cutter et al., in this issue).
Some fraction of the [Felabile] may also represent similar lateral

transport of Fe oxyhydroxides formed by the same process further inshore. The oﬀshore persistence of dFe(II), along with elevated [Felabile],
within the SNM may reﬂect dynamic redox cycling of Fe within the
SNM, while the coincidence of the features may indicate a non‑oxygendependent pathway, possibly involving nitrite and/or nitrate (Heller
et al., 2017; Scholz et al., 2016).
The one isotopically heavy δ56Felabile measurement of +0.54‰
from the shelf stations, coincident with the [Felabile] maximum at
Station 2 (70 m), is consistent with the δ56Fe of “easily HCl-extractable”
pFe measured in Peruvian shelf sediments, and may indicate an additional contribution to [Felabile] in that sample from other reactive pFe
species, originating from resuspended sediments further onshore
(Scholz et al., 2014b). However, we note that synchrotron-determined
pFe redox speciation of that sample indicates no obvious diﬀerences
between it and the samples collected above and below it (55 m and
108 m, respectively) (Heller et al., 2017).
A surprising feature of the OMZ is that, while measured δ56Felabile
was consistently light, δ56Fediss values were typically > 0‰, other than
at Station 2. The lack of a light δ56Fediss signal associated with the dFe
(II) feature that persists oﬀshore may arise because of the relatively low
contribution made by dFe(II) to total dFe as the feature decreases oﬀshore, with the light isotopic signature of dFe(II) being mixed with a
heavier dFe(III) signal. The systematically lighter δ56Felabile values,
relative to δ56Fediss, throughout the OMZ may indicate that preferential
precipitation and/or adsorption of light Fe isotopes to particles may
transfer the light isotopic signature of dFe derived from reducing sediments to the labile particulate phase. This transfer has been described
previously in relation to the oxic-anoxic boundary of the Baltic Sea
(Staubwasser et al., 2013).

4.3.2. Inﬂuence of the OMZ and slope resuspension on deep ocean pFe
The inﬂuence of the OMZ was evident in δ56Felabile and flabile for
samples collected throughout the eastern part of the GP16 section
(Table 2). Beneath the OMZ at Stations 1–13, δ56Felabile only slightly
heavier than within the OMZ (− 0.57 ± 0.17‰, n = 62), coincided
with a plume of isotopically light dFe (− 0.5‰ to 0‰) that extended
over ~4000 m of the water column at Station 1 and persisted 1000 km
from the slope, gradually thinning westward (Fig. 7). Reversible
scavenging between light pFe and dFe as it is advected away from the
continental margin is thought to be responsible for this plume (John
et al., 2017).
Values of flabile in deep waters beneath the OMZ were also generally
higher than in the west (Table 2), presumably because of the contribution of labile Fe oxyhydroxides formed in shelf and/or OMZ waters. But they were lower than within the OMZ itself, indicating more
heterogeneity in the deep pFe. Elevated [Felabile] and [Fetotal] in samples from Stations 5 and 1 in particular represent contributions of labile
and refractory pFe resuspended from deep slope sediments (Figs. 2a, b,
3). Synchrotron chemical mapping of material from the lower oxycline
(1200 m) and below the OMZ (1800 m and 2040 m) at Station 5 demonstrate that low flabile values (~ 0.3) associated with elevated
[Felabile] are due to a greater contribution of crystalline particulate Fe
(II) species than for samples collected within the OMZ (Heller et al.,
2016). Similarly, a broad secondary subsurface maximum in [Felabile]
was centered around 2400 m at Station 1 (~ 1 nM, with flabile of 0.5),
coincident with elevated concentrations of lithogenic material (Lam
et al., in this issue). However, δ56Felabile in each case was still isotopically light, suggesting that the labile contribution to pFe was similar
to that in the OMZ. This mixture of labile and refractory pFe, apparently
originating from the continental slope and transported into the deep
ocean (Lam and Bishop, 2008), results in higher average deep ocean
[Felabile] concentrations in the eastern part of the section than in the
west (Table 2).
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Fig. 8. Comparison of [Felabile]-weighted, depth-integrated δ56Felabile and flabile for water column and BNL samples, by station. (a) change in water column and BNL δ56Felabile as a
function of location, (b) change in water column and BNL flabile as a function of location, (c) comparison of water column, hydrothermal plume and BNL depth-integrated δ56Felabile at
Stations 25–30, (d) the relationship between water column and BNL δ56Felabile.

4.4. Characteristics of benthic nepheloid layer Felabile
Increases in [Felabile] and [Fetotal] near the seaﬂoor, associated with
BNLs, were evident at several stations, notably Stations 1, 13 and 15 in
the eastern half of the transect and Stations 26 and 30 west of the SEPR
(Figs. 2a, b, 3). While the highest concentrations associated with BNLs
along GP16 were at Station 1, where [Felabile] and [Fetotal] reached
2.8 nM and 5.8 nM, respectively, none were as intense as those encountered in the western North Atlantic during GA03, where [Fetotal]
reached ~1 μM (Ohnemus and Lam, 2015; Revels et al., 2015a).
Nepheloid layer δ56Felabile values ranged from − 0.89‰ to
− 0.03‰, and typically resembled those of prominent [Felabile] features
in the water column above, while BNL flabile values (0.2–1.0,
median = 0.5; n = 32) revealed a variable contribution from refractory
pFe in resuspended near-bottom material (Fig. 2c, d). Indeed, watercolumn integrated and depth-weighted BNL δ56Felabile values were
calculated to be, on average, within 0.05‰ of those for the overlying
water column (Fig. 8a). A similar treatment of flabile values showed
greater oﬀsets between BNL and water column values for several stations (Fig. 8b).
Measured BNL δ56Felabile from beneath the hydrothermal plume, at
stations 25, 26, 28 and 30, averaged − 0.34 ± 0.03‰ (n = 7), statistically the same as that for hydrothermal plume particles (Table 2)
and consistent with the labile component of BNL pFe being mainly Fe
oxyhydroxides that had settled from the plume. We note that this value
is also statistically indistinguishable from the more variable δ56Felabile
values for non-plume deep ocean samples west of Station 18
(− 0.26 ± 0.26‰; n = 87). However, [Felabile] for non-plume deep
ocean samples was much lower than that for samples within the plume
(Fig. 2a, Table 2). Furthermore, at Stations 25 and 26, where depthintegrated δ56Felabile values for “plume” (> 2200 m) and “non-plume”

(< 2200 m) samples diﬀered from each other, BNL δ56Felabile was
closer to the “plume” value (Fig. 8c). Thus, we suggest that BNL
δ56Felabile in this region is controlled primarily by Fe oxyhydroxide
particles that settled from the hydrothermal plume.
BNL flabile of 0.7 ± 0.1 at these stations indicates a relatively low
contribution to [Fetotal] from refractory material, consistent with elemental composition analyses of BNL particles that indicate a dominant
hydrothermal source (Lee et al., in this issue), and with the previously
documented presence of Fe-rich sediments in the same region (Boström
et al., 1969). This is further supported by δ56Fetotal of BNL particles at
Station 26 (− 0.23‰ at 3900 m, − 0.31‰ at 3960 m; Fig. 5b), which
had flabile of 0.8. These values are also close to plume δ56Felabile and
δ56Fetotal values, consistent with the importance of plume-derived
particles to local BNL pFe concentrations. Within the subset of western
stations with BNLs, the heavier δ56Felabile and lower flabile values at
Station 36 reﬂect the much smaller hydrothermal signal in the overlying water column and the resulting heavier integrated water column
δ56Felabile at that station (Fig. 8a, d).
In the eastern part of the section, BNLs beneath the Peruvian margin
OMZ at Stations 1, 7 and 9 had relatively light δ56Felabile values,
averaging −0.72 ± 0.10‰ (n = 11), with samples from the Station 1
BNL as light as −0.89‰ (Fig. 4). Similarly light δ56Felabile values
measured in BNL particles underneath the Mauritanian upwelling region during GA03 were attributed to the inﬂuence of isotopically light
Fe(II) being released from sediment porewaters and precipitating upon
interaction with oxic seawater (Revels et al., 2015a). Here, we propose
that the light BNL δ56Felabile is inﬂuenced by Fe oxyhydroxides that
formed within the OMZ and settled through the water column. The BNL
δ56Felabile values for these stations are statistically indistinguishable to
those measured within the OMZ, but distinct from those in the deep
ocean at the same stations (Table 2). Although the near-seaﬂoor
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formation of isotopically light Fe oxyhydroxides from porewater dFe(II)
is a possibility, the lower ﬂux of organic material to the deep ocean
seaﬂoor at these oﬀshore stations reasons against a signiﬁcant local
reducing sedimentary source.
Signiﬁcantly lower BNL flabile values at these stations (0.3 ± 0.1)
than in the overlying water column (Fig. 8b) are consistent with compositional analysis that suggests relatively high concentrations of lithogenic material within the nepheloid layers (Lam et al., in this issue;
Lee et al., in this issue).
For eleven BNL samples collected at Stations 11, 13, 15 and 17,
δ56Felabile averaged − 0.47 ± 0.07‰ — between values for BNLs
nearer the Peruvian margin and those further west, and consistent with
a mixture of hydrothermal and OMZ Fe oxyhydroxides contributing to
[Felabile] at these stations. Though only two of these stations fell within
the zonal extent of the OMZ at the time of sampling (Fig. 2), upper
water column O2 concentrations of below 50 μmol kg− 1 extended as far
west as Station 17. Similarly, although these stations lie to the east of
the sampled hydrothermal plume, previous studies have also shown a
hydrothermal inﬂuence in water column samples east of the SEPR
(Fitzsimmons et al., 2016; Lonsdale, 1976).
The central BNL δ56Felabile values were generally slightly (~ 0.1‰)
lighter than those in the overlying water column (Fig. 8a), which may
indicate temporal changes in the extent of OMZ and hydrothermal inﬂuence on deep-sea pFe supply in the eastern Paciﬁc. BNL flabile at these
stations (0.6 ± 0.2) more closely resembled that of the stations further
west, due to the greater distance from the supply of lithogenic material
near the Peruvian margin, and is consistent with elemental composition
analyses that indicated enrichment in Fe relative to lithogenic Fe/Al
ratios (Lee et al., in this issue).
The relationship between depth-integrated water column and BNL
δ56Felabile values is shown in Fig. 8d. The two show a strong linear
correlation (Pearson correlation coeﬃcient, r = 0.913, p < 0.001),
implying that BNL δ56Felabile values are directly inﬂuenced by δ56Felabile
of the overlying water column. Assuming that BNL material is representative of surface sediments, this would mean that δ56Felabile of
surface sediments could be used as a tracer for the inﬂuence of prominent water column features such as hydrothermal plumes or oxygen
minimum zones. This would only work in areas where sediments are
oxic, so that the isotopic signature of the sedimented particles is not
altered over time by processes such as dissimilatory iron reduction, but
the ﬁndings presented here suggest that further investigation of this
potential tracer would certainly be worthwhile in regions with low
vertical ﬂux of organic material.
5. Conclusions
Isotope measurements of “ligand-leachable” iron associated with
0.8–51 μm-sized particles from the US GEOTRACES GP16 section have
highlighted important aspects of Fe biogeochemical cycling along the
section, and the imprint they each leave on material reaching the sediment. A hydrothermal plume emanating from the SEPR was identiﬁed
as a source of labile pFe to the deep ocean, as was the continental slope
of the Peruvian margin, while export of labile pFe from the Peruvian
shelf may be linked to redox cycling within the OMZ. Away from the
shelf, upper ocean [Felabile] was very low, with variable δ56Felabile.
Particulate iron is composed primarily of labile Fe(III) oxyhydroxides in both the deep (2200–3000 m) hydrothermal plume that extends hundreds of kilometers westwards from the SEPR and within the
OMZ that extends from the Peruvian continental shelf to ~100°W.
But the isotopic signature of labile pFe within the OMZ
(δ56Felabile = − 0.68 ± 0.32‰) is notably lighter than that within the
hydrothermal plume (δ56Felabile = − 0.26 ± 0.14‰). This most likely
reﬂects the diﬀerent isotopic signature of the source material from
which the oxyhydroxides form and/or isotope eﬀects during their formation. Within the hydrothermal plume, quantitative precipitation of a
vent ﬂuid with δ56Fe ≈ −0.2‰ as it mixes with oxic seawater can

explain the observed δ56Felabile signal. In the OMZ, isotopically light
dFe originally released from reducing shelf sediments undergoes seemingly non‑oxygen dependent oxidation and precipitation, transferring
the light isotopic signal from the dissolved to the labile particulate
phase.
Beneath each of these features, BNL δ56Felabile matches that of the
elevated pFe concentrations in the water above. Labile pFe in nepheloid
layers beneath the hydrothermal plume has δ56Felabile of
− 0.34 ± 0.03‰ and constitutes the majority of the suspended pFe.
Beneath the Peruvian margin OMZ, nepheloid layer labile pFe makes a
smaller contribution to the total, due to a greater supply of lithogenic
material. At three stations with BNLs beneath the OMZ, nepheloid layer
δ56Felabile of − 0.72 ± 0.10‰ mirrors that within the OMZ. At central
stations, BNL δ56Felabile reﬂects contributions of Fe oxyhydroxides from
both the OMZ and hydrothermal processes. The similarity of δ56Felabile
values in BNLs to those of the overlaying hydrothermal or OMZ features
suggests that, assuming that the nepheloid layer pFe is representative of
that in surface sediments, δ56Felabile of sediments could potentially be
used to trace the past extent of hydrothermal plumes and OMZs through
time.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marchem.2017.07.003.
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