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a b s t r a c t
Intercomparison of trace metal data is a key aspect of the International GEOTRACES program, allowing data from
multiple laboratories and countries to be combined to produce high-resolution datasets for the oceans. The use of
crossover stations by the GEOTRACES program provides the opportunity both for comparison of analytical techniques and assessment of temporal variability in the cycling of trace metals such as iron (Fe). Here, we present
the ﬁrst comparison of dissolved Fe stable isotope ratio (δ56Fe; relative to IRMM-014) proﬁles in the oceans,
from reoccupations of three locations in the Atlantic Ocean; (1) the Bermuda Atlantic Time Series station
(31.75°N 64.17°W) during the US GEOTRACES IC1 cruise (June 2008) and the US GEOTRACES GA03 cruise
(Nov. 2011); (2) the Tenatso Time Series station near Cape Verde (17.4°N 24.5°W) during the U.S GEOTRACES
GA03 cruises (2010; 2011), and (3) a station in the Cape Basin close to South West Africa (31.1–31.4°S
36.5°W) during the French GEOTRACES GIPY4 Bonus Good Hope Cruise (Feb. 2008) and the UK GEOTRACES
GA10 D357 cruise (Oct. 2010). These datasets provided us with the opportunity not only to compare sampling
and analysis techniques by two different laboratories (USC and LEGOS), but also the temporal variability of
δ56Fe at these locations on a 1–3 year timescale. We found that a good agreement between data and proﬁles generated by different laboratories does allow assessment of temporal variation of δ56Fe in the water column, as well
as spatial variability and synthesis of datasets from different regions of the ocean. In fact, comparison of δ56Fe at
the three locations in this study demonstrates a remarkable consistency between the shapes of ocean δ56Fe proﬁles measured 1–3 years apart, pointing to the overall stability of Fe cycling at all three locations on these timescales, despite the expected dynamic nature of the Fe cycle. This consistency is highlighted by strong agreement
in δ56Fe throughout the whole water-column at Bermuda, and in waters deeper than 500 m in the Cape Basin,
which suggests that different water masses may carry distinct δ56Fe signatures. In contrast to these stable
δ56Fe, we did observe apparent temporal variability in δ56Fe between cruises at other locations and in surface waters, both throughout the water column at Cape Verde, and in Agulhas-leakage inﬂuenced surface waters in the
Cape Basin. Such temporal variability may thus provide information about changes in internal Fe cycling or external Fe sources on these timescales. Overall, this study highlights the usefulness of repeat δ56Fe measurements to
provide information on the variability of Fe cycling throughout the oceans.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Seawater dissolved iron (Fe) is an important limiting nutrient for
phytoplankton over much of the surface oceans (Moore et al., 2001).
Understanding the global distribution and biogeochemical cycling of
Fe is a central aim of the international GEOTRACES program which
seeks to measure global distributions of a range of trace elements and
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their isotopes. Fe concentrations are a GEOTRACES key parameter,
meaning their analysis is required on all GEOTRACES cruises
(Anderson and Henderson, 2005; Henderson et al., 2007). Fe stable isotopes (δ56Fe) have also been measured on several GEOTRACES cruises,
although they are not a key parameter. The resulting ocean sections of
dissolved Fe concentration from the Atlantic, Indian and Paciﬁc Oceans,
and similar sections in progress, are beginning to provide new insights
into the marine sources, sinks and cycling of Fe at both the regional
and global scale throughout the oceans (e.g. Conway and John, 2014a;
Klunder et al., 2012; Nishioka et al., 2013; Resing et al., 2015;
Rijkenberg et al., 2014; Saito et al., 2013).
GEOTRACES cruises all follow internationally agreed methods for
clean sampling and handling (The GEOTRACES Cookbook; Cutter et al.,
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2010, 2014), meaning that datasets can be collated to form regional and
global pictures of the distribution of trace metals and their isotopes in
the ocean. Recently, such data has been combined to form the
GEOTRACES Intermediate Data Product and the GEOTRACES eAtlas
(Mawji et al., 2015; Schlitzer, 2015). To ensure compatibility of datasets
from different groups and nations, given the range of collection and analytical techniques deployed on different cruises, it is essential to carry
out intercomparison of data collected from the same location and/or
in the same samples by multiple groups. Accordingly, intercomparison
is an important aspect of the GEOTRACES program, with the recommended reporting of measurements of SAFe reference standards for dissolved trace metal concentrations, the use of cross-over stations for
comparison between different GEOTRACES cruises (see Fig. 1), and a
number of studies comparing sampling systems (Cutter, 2013).
Intercomparison of trace metal concentrations and stable isotope ratios
was a goal of two US GEOTRACES cruises in the Atlantic (IC1, June 2008)
and North Paciﬁc (IC2, May 2009) Oceans (Boyle et al., 2012; Cutter and
Bruland, 2012; Cutter, 2013; and others), and recent work has compared the clean sampling system of the Dutch and US GEOTRACES programs as well as different analytical techniques (Middag et al., 2015).
The GEOTRACES program and similar cruises have also facilitated
the application of dissolved Fe isotope ratios (δ56Fe) as a useful parameter for understanding the marine Fe cycle. Although a challenging measurement, due to the low concentration of Fe in seawater and the
difﬁculties of analysis, advancement in chemical techniques and highresolution mass spectrometry has allowed a number of groups to develop methods to measure seawater-dissolved δ56Fe over the full range of
observed oceanic dissolved Fe concentrations (~0.02 to N2 nmol kg−1).
These methods have utilized either NTA or Nobias PA-1 chelating resins
(Boyle et al., 2012; Conway et al., 2013a; John and Adkins, 2010; Lacan
et al., 2010, 2008; Rouxel and Auro, 2010), extraction with dithiocarbamate (Ellwood et al., 2014) or co-precipitation with magnesium (de
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Jong et al., 2007), followed by analysis with multicollector Inductively
Coupled Plasma Mass Spectrometry (MC-ICPMS). Such methods have
to date led to the publication of dissolved δ56Fe depth proﬁles from a
number of ocean basins (e.g. Chever et al., 2015; John and Adkins,
2012; John et al., 2012; Labatut et al., 2014; Lacan et al., 2008; Radic
et al., 2011; Staubwasser et al., 2013), and a high resolution ocean section of dissolved δ56Fe across the North Atlantic (Conway and John,
2014a). Dissolved δ56Fe measurements were also part of the focus of a
previous intercomparison effort utilizing seawater collected from the
Bermuda Atlantic Time Series onboard the US GEOTRACES 1C1 cruise
in 2008, where four different laboratories demonstrated strong agreement on both surface and deep water samples at concentrations of 0.4
and 0.8 nmol kg−1 (Boyle et al., 2012; see Fig. 2c–d).
Different marine sources of Fe have different δ56Fe signatures, and
these isotope signatures have been used to trace Fe as it mixes through
the oceanic water column, including non-reductive sediment dissolution (Labatut et al., 2014; Radic et al., 2011), reductive sediment dissolution (Chever et al., 2015; John et al., 2012), and Fe from multiple
sources (Conway and John, 2014a). As such, studies of seawaterdissolved δ56Fe show promise for understanding the cycling and differing sources of Fe to the ocean; however, application of this tracer is still
limited to a small number of laboratories. Thus, spatial coverage of δ56Fe
measurements throughout the oceans remains sparse. Additionally, although changing conditions over time are important to our understanding of changes in Fe sources and cycling, logistics and cost have meant
that repeat-sampling to assess temporal variability has rarely been carried out. However, reoccupation of crossover stations as part of the
GEOTRACES program provides us with the opportunity to begin to address this lack of knowledge of variability, as well as to compare sampling and analysis by different groups.
Here we compare measured Fe and δ56Fe proﬁles from three locations in the Atlantic Ocean (Fig. 1): 1) reoccupation of a GEOTRACES

Fig. 1. Atlantic Ocean showing GEOTRACES crossover stations and locations described in this study. Cruises that included in the GEOTRACES Intermediate data product 2014 are shown for
reference, based on eGEOTRACES graphics (Mawji et al., 2015; Schlitzer, 2015). The three locations sampled in this study are shown as black dots.
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crossover station at the Bermuda Atlantic Time Series (BATS; 31.75°N
64.17°W; Fig. 2a) by the US GEOTRACES 1C1 cruise in June 2008 and
the US GEOTRACES GA03 KN204 cruise in Nov. 2011 (Superstation
USGT11–10) allows us to compare δ56Fe data measured by Conway
and John (USC; GA03; Conway and John, 2014a) with δ56Fe data measured by ﬁve laboratories on the IC1 cruise (Boyle et al., 2012). 2)
reoccupation of the Tenatso Time Series station near Cape Verde
(17.4°N 24.5°W) by the 2010 (KN204) and 2011 (KN199) cruises of
the US GEOTRACES GA03 section (USGT10–12 in Nov. 2010,
USGT11–24 in Dec. 2011; Fig. 3a) allows us to compare δ56Fe proﬁles
at this location a year apart. 3) reoccupation of a GEOTRACES crossover
station in the South Atlantic by the UK GEOTRACES GA10 D357 Cruise in
2010 (Superstation 3; 31.4°S 36.5°W) and the French GEOTRACES
GIPY4 Bonus Good Hope Cruise in 2008 (Superstation S1; 31.1°S
36.5°W) allows us to compare δ56Fe proﬁles from nearby locations
three years apart (Fig. 4a), measured using different collection and analytical techniques by Conway and John (GA10; USC) and Lacan (GIPY4;
LEGOS). Interpretation of the δ56Fe proﬁles measured at these locations
is the focus of other articles (Abadie et al., in review; Conway and John,
2014a; John and Adkins, 2012), and so here we instead focus largely on
intercomparison and assessment of temporal variability of Fe and δ56Fe.
2. Materials and methods
2.1. Seawater collection and handling
2.1.1. US GEOTRACES IC1 cruise and GA03 section cruises
Seawater collection and sampling were previously described for
these cruises by Boyle et al. (2012) and Conway and John (2014a), but
are brieﬂy summarized here for ease of reference. Clean seawater was
collected similarly on all three US GEOTRACES cruises (IC1, KN199,
KN204) onboard the RV Knorr, using either underway Teﬂon towedﬁsh (surface samples; ~ 2 m; Cutter and Bruland, 2012) or the US
GEOTRACES rosette with 24 × 12 L GO-Flo bottles on a Kevlar cable
(Cutter and Bruland, 2012). Following collection, the GO-Flo bottles
were transferred to a clean van and the water ﬁltered through
0.45 μm Osmonics cartridge ﬁlters (towed-ﬁsh samples) or 0.2 μm Pall
Acropak capsule ﬁlters (GO-Flo samples).
As part of IC1 at the BATS station (31.75°N 64.17°W; Figs 1-2) on
June 22nd, 2008, a 500 L surface isotope sample (GSI) was pumped
from the towed-ﬁsh and ﬁltered into a clean 500 L acid-cleaned polyethylene tank, where it was acidiﬁed with the equivalent of 1 mL
12 M HCl per liter (Boyle et al., 2012; John and Adkins, 2012). Similarly
a 250 L deep isotope sample (GDI) was collected from 2000 m using the
GEOTRACES rosette, ﬁltered and then homogenized and acidiﬁed in an
identical polyethylene tank (Boyle et al., 2012). An 8 point proﬁle for
isotope comparison (GPri) from depths of 75–3500 m and a single sample for Fe isotope measurement at 4200 m were also collected using the
GEOTRACES rosette and similarly ﬁltered and acidiﬁed (Boyle et al.,
2012; John and Adkins, 2012). Supporting oceanographic parameters
were made shipboard and are taken from John and Adkins (2012).
As part of the GA03 section cruises, seawater samples were collected
using towed-ﬁsh or GEOTRACES Rosette and water ﬁltered into 1 L acidcleaned Nalgene low density polyethylene (LDPE) bottles from: 1) Station USGT10–12 (17.40°N 24.50°W; 25 point proﬁle, 2–3498 m) on the
02/11/2010; 2) Superstation USGT11–12 at the BATS station (31.75°N,
37 point proﬁle 2–4526 m) on November 19th–21st, 2011; and 3) Station USGT11–24 (17.40°N 24.50°W; 25 point proﬁle, 2–3517 m) on

December 9th–10th, 2011. (Figs 1–3). Seawater samples were acidiﬁed
back on shore to pH ~2 with conc. Aristar Ultra HCl. Supporting oceanographic parameters were made shipboard and are supplied by the
Ocean Data Facility (Jenkins et al., 2015).
2.1.2. U.K. GEOTRACES GA10 section (D357 cruise)
Seawater samples were collected from Station 3 (13.39°S 36.46°W;
13 point proﬁle, 2–4724 m) on October 23rd, 2010 as part of the GA10
D357 cruise on board the RRS Discovery. Clean seawater samples were
collected broadly as described by Wyatt et al. (2014); brieﬂy, seawater
was collected into twenty-four 10 L clean Teﬂon-coated OTE samplers
on a Titanium CTD frame on a plasma (polyethylene) rope. The OTE bottles were transferred to a clean container, and water samples were ﬁltered using Millipore 25 mm 0.4 μm polyethersulfone (PES) ﬁlters
(N75 m depth) or 0.2 μm AcroPak Supor Pall PES capsules (b 75 m
depth or ﬁsh samples). Filtered seawater was collected into acidcleaned and seawater-rinsed 1 L Nalgene LDPE bottles. Seawater samples were acidiﬁed back on shore to pH ~ 2 with conc. Aristar Ultra
HCl. Salinity, temperature and oxygen were measured shipboard using
standard methods as described by Wyatt et al. (2014).
2.1.3. French GIPY4 section
Seawater samples were collected from Super-Station 1 (St. 18)
(13.12°S 36.51°W; 9 point proﬁle, 31–4068 m) on February 20th,
2008 as part of the GIPY4 MD166 Bonus Good Hope cruise on board
the RV Marion Dufresne. Clean seawater samples were collected and ﬁltered as described previously (Abadie et al. in review; Lacan et al., 2008;
Lacan et al., 2010); brieﬂy, 10 L seawater samples were collected into
acid-cleaned 12 L Go-Flo bottles mounted on a Kevlar wire. Go-Flo bottles were brought inside a clean container and seawater was ﬁltered
using Savillex PFA Teﬂon ﬁltration units with 0.45 μm 90 mm
nucleopore membranes into 10 L ﬂexible LDPE containers with PP closure, within a few hours of collection. Samples were acidiﬁed onboard
with 1.7 mL per L of 9 M twice-distilled HCl.
2.2. Analytical methods
Stable Fe isotope ratios (δ56Fe) are expressed for all laboratories in
this paper in standard delta notation, relative to IRMM-014:
2
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2.2.1. IC1 intercomparison exercise
Analytical methods for the four laboratories taking part in the IC-1
exercises were described in full by Boyle et al. (2012) and by the respective labs (John and Adkins, 2012; Lacan et al., 2010, 2008; Rouxel and
Auro, 2010), with subsequent analysis by USC described below. For reference, three laboratories (WHOI, Caltech, LEGOS) used extraction of Fe
from seawater with Qiagen NTA-Superﬂow resin, whilst one laboratory
used extraction using puriﬁed ammonium pyrrolidinedithiocarbamate
and sodium diethyldithiocarbamate and chloroform (ANU). All laboratories performed analysis by Thermo Neptune MC-ICPMS, either with
Ni and standard-sample bracketing (WHOI, Caltech, ANU) or 57Fe-58Fe
double spike technique (LEGOS) for instrumental mass-bias correction.

Fig. 2. Comparison of δ56Fe and Fe data from Bermuda Atlantic Time Series (BATS) in the subtropical North West Atlantic (31.75°N 64.17°W) from the US GEOTRACES IC1 (June 2008) and
GA03 cruises (Nov. 2011). a) Regional location map showing BATS and GA03 stations sampled for Fe isotope ratios. b) Dissolved Fe concentration (nmol kg−1) and dissolved δ56Fe (relative
to IRRM-014) proﬁles shown with other oceanographic parameters. c) Dissolved δ56Fe from the IC1 surface tank and from GA03 towed-ﬁsh sample. d) Dissolved δ56Fe from the IC1 2000 m
depth deep tank and from GA03 rosette samples from similar depths. The dashed lines and gray shaded region in b) and c) represent the mean and 2SD δ56Fe respectively of the ﬁve labs
that have published measurements for the GSI and GDI tanks. Data are reproduced from Boyle et al. (2012); Conway and John (2014a); Conway et al. (2013a,b); John and Adkins (2012).
Error bars for ANU and WHOI are from Boyle et al. (2012), error bars for LEGOS represent 2SD on δ56Fe (see Suppl. data), error bars for Caltech are from John and Adkins (2012) and error
bars for USC are from Conway et al. (2013a, 2013b) and Conway and John (2014a). For GA03, temperature and salinity are from the GEOTRACES rosette and dissolved oxygen is from the
ODF rosette.
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Uncertainty on δ56Fe is expressed as 2SE error for ANU and WHOI (Boyle
et al., 2012), as 2σ external error for Caltech (John and Adkins., 2012)
and as the 2SD on mean δ56Fe for LEGOS (see Suppl. data).
2.2.2. IC1, GA03 and GA10 (USC)
Samples were processed and analyzed at USC for Fe concentration
and δ56Fe analysis following several months of storage at pH 2, following already published methods, with extraction by Nobias PA-1, puriﬁcation by AGMP-1 resin and analysis by Thermo Neptune MC-ICPMS
with mass bias correction by 57Fe-58Fe double spike technique
(Conway et al., 2013a; Conway and John, 2014a) in ‘high’ resolution
(HR) mode to resolve polyatomic interferences such as ArN+ and
ArO+. 54Cr and 58Ni isobaric interferences on 54Fe and 58Fe were
corrected for using the measured abundances of 53Cr and 60Ni. A background correction was applied to each sample using the blank 0.1 M
HNO3 acid, with this blank acid measured twice for every group of 4–6
samples. δ56Fe were calculated relative to an IRMM-double spike mixture, which was concentration and matrix matched to the samples,
and run twice with each group of 4–6 samples. Seawater samples
were spiked in a 1:2 sample:spike ratio, puriﬁed from 1 L and measured
twice by MC-ICPMS with a mean value calculated.
Following Conway et al. (2013a), uncertainty on mean δ56Fe in ﬁgures and Suppl. data is expressed as 2σ internal error, calculated from
replicates and bracketing standards, based on the previous observation
that uncertainty with this technique is dominated by internal error
(John, 2012). For this study, 2σ internal analytical error varied from
0.04 to 0.18‰, largely dependent on sample Fe concentration. As an indication of external precision for the method we also calculated the 2SD
(0.05‰) of the offset of duplicate analyses from the mean of 60 South
Atlantic GA10 seawater samples (0.1–1.8 nmol kg−1), with duplicates
measured in different analytical sessions (following Steele et al.,
2011). This calculated external precision is similar to or smaller than internal error for most samples, suggesting that for these samples internal
error is a good representation of overall uncertainty.
Fe concentration measurements were made via isotope-dilution,
with a procedural blank of 0.005 nmol kg−1, with 2% uncertainty applied for weighing and pipetting errors (Conway et al., 2013a). We
have previously shown strong agreement with other laboratories for
SAFE standards and proﬁle concentration data produced with this
method (Conway et al., 2013a; Middag et al., 2015). For some IC1 samples multiple subsamples were puriﬁed separately and then each measured twice by MC-ICPMS, with a mean δ56Fe used in ﬁgures.
2.2.3. GIPY4 (LEGOS)
Samples were processed and analyzed at LEGOS for δ56Fe following
previously described methods (Lacan et al., 2008, 2010). Brieﬂy, Fe
was pre-concentrated from 4 to 10 L of seawater using an NTA resin column and then puriﬁed with AG 1-× 4 anionic exchange resin, before
redissolution in ~0.7 mL 0.3 M HNO3 for analysis by MC-ICPMS using a
Neptune (Thermo Scientiﬁc) coupled with a CETAC Aridus II desolvation
system. Instrumental mass bias and potential procedural fractionation
was corrected for using the double-spike technique, also following the
iterative method of Siebert et al. (2001). A 57Fe-58Fe double spike with
a composition of 0.1% 54Fe, 2.94% 56Fe, 54.90% 57Fe and 42.06% 58Fe
was added to samples in a 1:1 natural:spike ratio at least 12 h prior to
pre-concentration. Samples were analyzed in medium resolution
mode (MR) to resolve polyatomic interferences, using the older Thermo
MR slits (30 μm), which correspond more closely to the newer HR slits
(18–25 μm). Isobaric interferences on 54Fe and 58Fe were corrected for
using the measured abundances of 53Cr and 60Ni.
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As described by Lacan et al. (2010), each analytical session began
with analysis of the in-house ETH Zürich hematite standard relative to
IRMM-014 (both mixed with the double-spike), and then the hematite
standard was analyzed after every two samples as a check on accuracy
and precision of the instrument. Each sample was bracketed by the
blank acid, with 25 cycles of 8.4 s for samples and standards and 10 cycles of 8.4 s for blanks. This method has been shown to give excellent
precision and accuracy over the full range of expected Fe concentrations
in seawater (0.05–1 nmol kg−1) in volumes of 2–20 L, with full details
described previously (Lacan et al., 2010). Final values are either means
calculated from multiple Neptune analysis of a single 10 L sample, calculated from separate extractions of 5 L aliquots, or a combination of the
two. 2σ uncertainty on measurements is expressed as the long term reproducibility of the ETH Zürich standard (0.07‰), as the repeatability
from seawater samples yielded better results (2σ from 0.01 to 0.05‰).
Fe concentration measurements were made by isotope dilution, with a
procedural blank corresponding to 0.002 nmol kg−1 and uncertainty
is expressed as 2SD of replicate analyses (Lacan et al., 2010).
3. Results and discussion
The δ56Fe and Fe data discussed in this study are reproduced from
other interpretive studies (Abadie et al., in review; Boyle et al., 2012;
Conway and John, 2014a; John and Adkins, 2012; Lacan et al., 2008),
with the exception of GA10 results, which are presented here for the
ﬁrst time. All data shown in ﬁgures are available as Suppl. data.
3.1. GA03 (2011) and IC1 at Bermuda (2008)
The water column proﬁles of Fe and δ56Fe for the BATS station from
the IC1 and GA03 cruises are shown in Fig 2b, with the δ56Fe values for
the IC1 intercomparison depths shown in Fig. 2c–d. Good agreement
within error was previously observed between the labs taking part in
the IC1 cruise in these samples, for the GSI surface (7 m; Fig. 2c) and
GDI deep tanks (2000 m; Fig. 2d), with δ56Fe ranging from +0.24 ±
0.10‰ to +0.41 ± 0.04‰ for the surface tank and +0.42 ± 0.11‰ to
+0.52 ± 0.07‰ for the deep tank (Boyle et al., 2012, see Suppl. data).
All labs reported data within 2SD of the mean of the ﬁve labs (GSI
+0.34 ± 0.13‰ and GSD +0.48 ± 0.10‰; 2SD), demonstrating the
ability of the individual labs to accurately measure δ56Fe at dissolved
Fe concentrations of 0.4 and 0.8 nmol kg−1.
For comparison of the IC1 and GA03 cruise, although samples were
not taken at exactly the same depth, we can compare samples of similar
depth (Fig 2c–d). At the surface, the GA03 towed ﬁsh sample (~2 m) is
within 2SD of the mean δ56Fe of the GSI tank (+0.23 ± 0.07‰ and
+0.34 ± 0.13‰; Fig. 2c), and Fe concentrations show similar good
agreement (0.46 vs. 0.41–0.45 nmol kg− 1). For the deep ocean, the
GA03 samples collected at 1951 and 2101 m are also both within
error of 2SD of the mean δ56Fe of the GDI tank (+0.35 ± 0.06‰,
+0.43 ± 0.07‰ and +0.48 ± 0.10‰; Fig. 2d), and the δ56Fe of the
GA03 sample at 2101 m is identical within error to the GSD Tank
mean δ56Fe. Fe concentrations measured for this depth interval on the
GA03 cruise (0.61–0.65 nmol kg−1) were slightly lower than those for
the GSD tank (0.74–0.84 nmol kg−1). Very similar temperature, oxygen
and salinity proﬁles are also observed between the cruises, suggesting
consistent water mass structure (Fig. 2b); despite this, given the dynamic nature of the marine Fe cycle, such consistency in δ56Fe at both
depths from the two cruises is remarkable. This is especially remarkable
for the surface ocean in different seasons (June and November), three
years apart, when this region of the ocean is prone to episodic

Fig. 3. Comparison of δ56Fe and Fe proﬁles from GA03 Station USGT10–12 and USGT11–24 (17.4°N 24.5°W) from the Tenatso Time Series station in the North East Atlantic. a) Regional
location map showing GA03 stations sampled for Fe isotope ratios. Dissolved Fe concentration (nmol kg−1), dissolved δ56Fe (relative to IRRM-014) and oceanographic parameters
shown against depth (b) or σθ density (c). Data and 2σ error bars are from Conway and John (2014a). Temperature and salinity are from the GEOTRACES rosette and dissolved oxygen
is from the ODF rosette. The shaded below denotes the inﬂuence of the Mauritanian Oxygen Minimum Zone (OMZ; dissolved oxygen b 120 μmol kg−1).
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atmospheric supply of Fe with both storm activity and seasonality causing variability in the deposition of more-soluble anthropogenic aerosol
Fe vs. lower-solubility lithogenic aerosol Fe (e.g. Fishwick et al., 2014;
Sedwick et al., 2005; Sedwick et al., 2007; Wu and Boyle, 2002).
A lack of variability may in fact point to the stability of the Fe cycle in
this region on this timescale in terms of overall Fe sources and internal
cycling processes such as scavenging and biological uptake/release.
Since anthropogenic and lithogenic aerosols might be expected to alternately dominate deposition in winter and summer respectively and
have been suggested to have different δ56Fe signatures (Conway, T. M.,
unpublished data; Fishwick et al., 2014; Mead et al., 2013; Sedwick
et al., 2005), it is perhaps surprising that there is such little variability
in surface water dissolved δ56Fe. However, since the surface of neither
proﬁle is characterized by the very high Fe concentrations that have
been attributed to episodes of lithogenic dust deposition in summer
months (1–2 nmol kg−1; Sedwick et al., 2005), it may be that both proﬁles reﬂect the longer-timescale combined effect of different Fe sources,
equilibrium and kinetic processes in concert with dust particles rather
than the primary δ56Fe signature of each dust source. We previously
suggested that the heavy δ56Fe signature might represent an equilibrium effect of dust particles being in contact with organic ligands
(Conway and John, 2014a), with the exchange/dissolution process in
the presence of ligands perhaps ultimately more important than the
δ56Fe signature of either lithogenic or anthropogenic aerosols. However,
this remains a hypothesis and clearly more process and experimental
studies will be required to fully test this and to understand what is ultimately responsible for heavier-than-crustal δ56Fe in surface Atlantic
waters. As such, we cannot presently assess on the basis of these
datasets whether episodic dust ﬂuxes might cause dramatic effects on
surface ocean dissolved δ56Fe, perturbing the proﬁles observed here,
or whether the magnitude of local dust ﬂux has a negligible effect on
δ56Fe because the surface ocean δ56Fe in this region is typically dominated by an internal cycling process.
Higher resolution comparison of δ56Fe at BATS through the water
column is also possible because of the measurement of a 10 point
δ56Fe proﬁle on IC1 samples by Caltech (John and Adkins, 2012; Boyle
et al., 2012), and a 34 point proﬁle for δ56Fe measured on samples
from the GA03 cruise (Conway and John, 2014a). A general homogeneity of δ56Fe through the full water column (+0.32‰ to +0.55‰ with
one exception; Fig. 2b) for the IC1 samples was previously commented
upon by John and Adkins (2012), who attributed heavy δ56Fe to dust
and the homogeneity to buffering of the dissolved phase by particles.
They also attributed one exceptionally heavy δ56Fe value (+0.78 ±
0.07‰) at 2500 m to a hydrothermal source. However, further study
has called into question whether the heavy δ56Fe value at 2500 m
(bracketed point, Fig. 2b) was representative of the ocean. While the
heavy δ56Fe value reported by John and Adkins (2012) was conﬁrmed
by analyses at USC, this sample had anomalously low Zn and Cd concentrations, poor reproducibility of Fe concentration, and unexpectedly
light δ66Zn in this sample, compared to the typically homogenous
deep ocean δ66Zn value (−0.1 vs. +0.5‰; Conway and John, 2014b;
Conway and John, 2015a; Conway et al., 2013a,b; Zhao et al., 2014).
These lines of evidence suggest that the sample is likely not representative of 2500 m seawater, but rather that the Go-Flo bottle probably
tripped at the wrong depth. Additional analysis of δ56Fe for the whole
IC1 proﬁle from the same sample bottles at USC showed good overall
agreement, within 2σ quoted uncertainty for most depths (Fig. 2b;
Conway et al., 2013a,b, Suppl. information). However, it is worth noting
that at 1500 m, δ56Fe measurements from USC and Caltech were slightly
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greater (0.13‰) than the combined 2σ uncertainty (0.12‰) apart, and
that, while typically within 2σ uncertainty, the USC δ56Fe dataset was
generally heavier than Caltech by ~ 0.1‰. These differences could
point to a slight underestimation of true analytical uncertainty by one
or other of the methods, or some effect of 5 years of sample storage.
A similar broad homogeneity in δ56Fe through the water column to
that observed on IC1 was reported for BATS from the GA03 cruise,
with δ56Fe varying from +0.22 to +0.58‰, with the exception of one
data point at 420 m (+0.7‰). Upon direct comparison of δ56Fe data
from the two cruises we observe very similar δ56Fe proﬁle shapes
(Fig. 2b); in fact, with the exception of the IC1 samples at 250 m and
500 m (where we have no direct comparison between cruises) and
2500 m (the ﬂagged sample), δ56Fe from the other 7 depths from the
Caltech IC1 cruise agree well with their depth counterparts from
GA03, extending the observation of consistent δ56Fe in GSI and GSD
samples with GA03 to the full depth proﬁle. While most USC IC1 cruise
data also agree well with GA03 within 2σ uncertainty, the previously
mentioned δ56Fe data point at 1500 m appears to be slightly anomalously heavy compared to the other two datasets, and the USC IC1 value at
4200 m (+0.45 ± 0.06‰) is also slightly outside of 2σ internal uncertainty of GA03 (+0.29 ± 0.06‰), while agreeing with Caltech
(+0.35 ± 0.07‰). These differences could also point to small variability
between datasets, whether from natural variability, sampling contamination or a slight underestimation of true analytical uncertainty. Nevertheless, the overall agreement of the three datasets is strong, agreeing
within ~ 0.1‰, and so differing by much smaller amounts than the
range of variability observed elsewhere in the ocean (e.g. Fig 2–4).
The higher resolution of the GA03 proﬁle compared to IC1 permits
the observation of systematic variability in the deep ocean, with depth
intervals where δ56Fe ≤ +0.3‰ (800–1800 m and N 3600 m) and
N+0.3‰ between 1800 and 3600 m, corresponding to the inﬂuence of
Upper Labrador Seawater and deep nepheloid layers respectively
(Jenkins et al., 2015; Ohnemus and Lam, 2015), and attributed to the inﬂuence of a (non-reductive) sedimentary Fe source (Conway and John,
2014a). While the presence of similar δ56Fe structure cannot be assessed
for IC1 due to the depth resolution, the consistency of the full water column proﬁle between the cruises does suggest that the broad external
source addition and internal cycling processes that determine dissolved
δ56Fe throughout the water column in this region are likely to be similar
at both times.
In terms of dissolved Fe concentration, the proﬁles for both cruises
are very similar above 1500 m (Fig. 2a), including a surface enrichment
(~ 0.4–0.5 nmol kg−1) and pronounced dissolved Fe minimum at
120–140 m (0.1–0.2 nmol kg−1) in both cruises. Below 1500 m, Fe concentrations were slightly higher on the IC1 cruise (0.1–0.2 nmol kg−1)
at the two comparable depths.
3.2. GA03 (2010 and 2011) at Cape Verde
The GA03 section was completed on two cruises in 2010 and 2011,
with station identiﬁcation deﬁned as USGT, then 10 or 11 for year,
then station number (e.g. USGT10–12). The cruises overlapped with reoccupation of the Tenatso Time Series station (17.40°N 24.50°W) near
Cape Verde by the GA03 cruise in Oct. 2010 (USGT10–12) and Nov.
2011 (USGT11–24). Depth and density proﬁles of dissolved δ56Fe and
Fe are shown for these two stations in Fig. 3b–c.
Both occupations at the Tenatso Time Series station were characterized by very similar temperature, salinity and oxygen vertical proﬁles
on both density and depth scales, with oxygen slightly higher in 2010

Fig. 4. Comparison of δ56Fe and Fe proﬁles from Superstation 3 of GA10 D357 cruise and Super-Station 1 (station 18) of GIPY4 cruise in the South East Atlantic. a) Regional location map
showing GIPY4 and GA10 stations sampled for Fe isotope ratios. Dissolved Fe concentration (nmol kg−1) and dissolved δ56Fe (relative to IRRM-014) shown against depth (b) or σθ density
(c). Data are from Abadie et al. (in review), Lacan et al. (2008), or previously unpublished. Error bars are 2σ as described in the text. GA10 temperature and salinity are from the titanium
rosette and oxygen from the stainless steel rosette, corrected to match bottle measurements. GIPY temperature, salinity and oxygen data are from the Niskin Rosette. The horizontal shaded
bars represent the presence of different water masses based on salinity (see text; Antarctic Intermediate Water, AAIW; Upper Circumpolar Deep Water, UCDW; North Atlantic Deep Water,
NADW; Antarctic Bottom Water, AABW). N.B. The position of AAIW in depth space is based on GA10 and was deeper for GIPY4.
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(Fig. 3b–c). The vertical structure is strongly dominated by the
Mauritanian Oxygen Minimum Zone (OMZ) present between ~ 200
and 1000 m, with dissolved oxygen as low as 60 μmol kg−1, as well as
a very shallow mixed layer (~40–50 m; Hatta et al., 2015). The dissolved
Fe concentration proﬁles for both stations reﬂect this vertical structure,
with both showing a surface enrichment of 0.3–0.4 nmol kg−1 in the
mixed layer, presumably from atmospheric dust, a dissolved Fe minimum of 0.1–0.2 nmol kg− 1 just below the mixed layer (associated
with the ﬂuorescence maximum; 60–70 m), elevated concentrations
of 0.8–1.2 nmol kg−1 through the OMZ horizon, and Fe concentrations
declining to 0.6 nmol kg− 1 in the deep ocean (Conway and John,
2014a; Fig. 3b). Although dissolved Fe proﬁles from both years show
very similar overall shapes, and strong consistency in waters
N1000 m, there is some apparent variability within surface waters and
especially throughout the OMZ horizon (Fig. 3b), a feature also reported
by other investigators reporting dissolved Fe, Fe-binding ligands, Fe size
fractionation and other parameters such as Pb concentrations and Cd
isotopes on GA03 (Buck et al., 2015; Conway and John, 2014a, 2015b;
Fitzsimmons et al., 2015; Hatta et al., 2015; Noble et al., 2015). Potential
interannual variability is discussed in the context of δ56Fe later in this
section.
δ56Fe measurements through the water column at this location
show greater variability in a single proﬁle than at the BATS station
(Section 3.1), with both USGT10–12 and USGT11–24 spanning a range
of 0.7‰ (between 0 and +0.7‰). Similar to the consistency in dissolved
Fe concentrations, the δ56Fe proﬁles for both years are broadly similar in
shape, with heavy δ56Fe values within the mixed layer (N+0.4‰), a subsurface minimum (0‰), values of 0 to +0.3 ‰ within the OMZ region,
and values increasing from +0.2 to as high as +0.7‰ in deep water,
as Fe concentrations decline (Fig. 3b). This structure was previously attributed to isotopically heavy Fe released from dust (+0.7‰) in the surface mixed layer and the deep ocean, mixing with a reductive sediment
light Fe (b−1‰) that is transported throughout the water column (but
mostly within OMZ waters) from reducing sediments on the
Mauritanian margin (Conway and John, 2014a).
Samples were collected at the same depth on each cruise, allowing
direct comparison of δ56Fe values for each proﬁle. For the surface dissolved Fe enrichment in the mixed layer, δ56Fe values were very similar
between cruises (2–50 m; +0.52 ± 0.09‰ and +0.41 ± 0.09‰ in 2010,
+0.60 ± 0.09‰, +0.60 ± 0.09‰, and +0.63 ± 0.09‰ in 2011; Fig. 3b).
In density space, these surface values show poorer agreement (Fig. 3c),
perhaps due to changes in the relative importance of North Atlantic
Central Water or Atlantic Equatorial Water between the two years
(Hatta et al., 2015; Jenkins et al., 2015). However, if isotopically heavy
values result from local dissolution of sinking dust in surface waters,
then variability in vertical density may not be an appropriate parameter
for comparison. Below the mixed layer, from 70 to 240 m depth, the two
proﬁles are equivalent within error for δ56Fe, with δ56Fe values of
+0.2‰ associated with both the subsurface dissolved Fe concentration
minimum and ﬂuorescent maximum, as well as a δ56Fe minimum of
0.0‰ just below the Fe minimum, as Fe concentrations begin to rise.
While it is not yet clear what processes (such as regeneration, uptake
or scavenging) cause this intriguing subsurface structure, it is
reproduced for both years here, and was also observed associated
with the Fe minimum in other nearby GA03 proﬁles (Conway and
John, 2014a). Surface variability in the top 300 m may be induced by
not only changes in atmospheric dust deposition and biological processes, but also in the relative importance of different surface water masses
with different characteristics, so it is notable that Fe and δ56Fe are so
consistent at shallow depths.
Set against the broad similar δ56Fe proﬁle shapes, there is poorer
agreement between δ56Fe depth pairs throughout both the OMZ horizon and the (ocean deeper than 200 m). With the exception of δ56Fe
data from 3198 m, the δ56Fe proﬁle from 2011 is notably isotopically
heavier than that of 2010 (by 0.03 to 0.3‰). While some of these differences (8 of the 17 depths) are within combined 2σ uncertainty

(≥ 0.10‰), some are larger (Fig. 3b; Suppl. data). Indeed, throughout
the OMZ horizon (~ 200–1000 m; shown as a blue bar in Fig 3b),
where most of the Fe concentration measurements are different between the two cruises (by 0.1 to 0.2 nmol kg− 1), four of the seven
δ56Fe data points are outside of error of each other. Deeper in the
ocean (below 1000 m), where Fe concentrations show strong consistency, δ56Fe show variability between the cruises, identical within error between 1000 and 1300 m, 2000–2300 and N3000 m, but differing
between 1500 and 1750 and 2500–3000 m. While Fe concentrations
are consistent for most of these depths (differing by b 0.02 nmol kg−1,
similar to expressed error of 0.01–0.02 nmol kg−1), the largest differences in δ56Fe in this interval (0.19‰ and 0.26‰ at 1500 and 2748 m respectively) are found at depths where Fe concentrations are subtly
more different (0.06–0.1 nmol kg−1). Thus, while it is possible that
some of this variability in δ56Fe in the deep ocean represents differences
in background contamination or underestimation of δ56Fe analytical uncertainty, especially when it is not accompanied by changes in Fe concentration, it is consistent with observed variability in other
oceanographic parameters. Variability in Fe cycling would also not be
unexpected, given the dynamic oceanographic nature of this region. Upwelling of nutrient and Fe rich deep water, high productivity in surface
waters, an OMZ at intermediate depths facilitating potential advection
of shelf Fe, and the presence of Antarctic water masses at intermediate
depths could all lead to variability in Fe cycling and hence δ56Fe
signatures.
Variability in δ56Fe and Fe in the deep ocean is also consistent with
the idea that dissolved Fe in this region is dominantly locally sourced
from atmospheric dust or reductive sediments that have very different
δ56Fe signatures (Conway and John, 2014a). Thus, small changes in either sediment or dust supply could dramatically inﬂuence δ56Fe, while
having only a small effect on Fe concentrations. A shelf source of Fe
might be expected to have a waning inﬂuence with distance from
Africa, as well as varying with strength over time, while dust supply
would also be episodic and seasonal. If we examine data from stations
USGT10–12 and 11–24 in the context of nearby stations (USGT10–11
and USGT11–24; Fig. 3a; Suppl. Fig. S1), it can be observed that
USGT11–22, a 2011 station further from Africa (Fig. 3a), is characterized
by much lower Fe concentrations throughout the water column as well
as generally heavier δ56Fe, while USGT10–11, a 2010 station nearer to
Africa, is practically identically to USGT10–12 for δ56Fe below 500 m.
Given that USGT11–24 looks more similar to USGT11–22 below 800 m
within the depth intervals at which USGT10–12 and USGT11–24 disagree (lower Fe concentrations and higher δ56Fe), it is possible to interpret the full water-column variability as being driven by a changing
component of isotopically light Fe from reductive sediments that is
slightly greater in 2011 than 2010. At shallower depths (286–451 m),
USGT11–24 is characterized by higher Fe concentrations and heavier
δ56Fe than both USGT10–11 and USGT10–12, as well as slightly lower
oxygen (Suppl. Fig. S1; Fig. 3b; Hatta et al., 2015); thus, this difference
could not be explained by an increased source of light Fe in 2011, but
perhaps rather by a greater dissolution of atmospheric dust or regeneration of Fe within the OMZ.
3.3. GIPY4 (2008) and GA10 (2010)
Water-column proﬁles of dissolved δ56Fe and Fe for and GIPY4
Super-Station S1 (2008) and GA10 D357 Station 3 (2010) from the
Cape Basin in the Eastern South Atlantic are shown together with
supporting oceanographic parameters, plotted against both depth and
density in Fig. 4. Below 700 m, similar temperature, oxygen and salinity
proﬁles are observed for both cruises, while in surface waters the GIPY4
cruise was characterized by much warmer, fresher, less dense water
than GA10 (Fig. 4b–c). This difference can be most clearly observed in
density space for σθ N 26.75 kg m−3 (Fig. 4c), indicative of different surface waters dominating the upper water column (b 700 m) during the
two cruises. This difference could be due to movement in the position
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of the South Subtropical Convergence, which is located near this station
(Fig. 1 of Browning et al., 2014), and/or the variable inﬂuence of the
Agulhas current, which variably transports warm salty surface water
from the Indian Ocean to the South Atlantic within mesoscale structures
(Lutjeharms, 2006). Indian ocean water is transported into the Atlantic
within the Agulhas retroﬂection, typically in the form of large anticyclonic eddies (‘Agulhas rings’; Lutjeharms, 2006). Such rings, characterized both on the GA10 and GIPY4 cruises by elevated temperature,
salinity and nutrients (S N 35; T 15–23 °C; Arhan et al., 2011; Wyatt
et al., 2014), can have an important effect on both biogeochemical cycling in surface waters (Villar et al., 2015); indeed, it was recently
shown that Agulhas rings transport an Indian Ocean Pb isotope signature to the North Atlantic (Paul et al., 2015), suggesting that they
could also play a role in inﬂuencing the surface ocean cycling of Fe
and other trace metals.
The difference in surface water characteristics is also reﬂected in the
Fe concentration proﬁles, which show broad similarity for both cruises
below 400 m, but disagreement in surface waters b 100 m where dissolved Fe was 0.2–0.3 nmol kg− 1 in 2008 and b 0.09 nmol kg−1 in
2010, perhaps due to the transport of higher Fe concentrations within
warmer saltier Indian Ocean water compared to colder more-Fe depleted Atlantic waters. As might be expected, with the surface variability in
surface waters and Fe concentrations, δ56Fe between the cruises show
differences between the two cruises (Fig. 4b); δ56Fe from GIPY4 are
rather homogenous over the top 400 m, and close to crustal (+0.09‰;
Beard et al., 2003; Lacan et al., 2008), varying only between +0.04 ±
0.07‰ and +0.21 ± 0.07‰. In contrast, although subject to larger uncertainties at low surface Fe concentrations, δ56Fe from GA10 show
more variability in the top 500 m, ranging from −0.22 ± 0.10‰ to
+0.51 ± 0.22‰. When compared in density space (Fig. 4c), it becomes
clear that much of the GIPY4 data are from lower density waters; this,
together with the documented agreement of data from the two labs at
BATS (Section 3.1) and in the deep ocean at this location (see below),
suggests that this variability in δ56Fe may be natural rather than analytical and could perhaps also be attributed to the greater inﬂuence of Indian
Ocean water in 2008. Although to date no δ56Fe data has been reported
from the Indian Ocean, the near-crustal homogenous δ56Fe in Indian
Ocean water above 400 m could reﬂect non-reductive release of Fe
from sediments as suggested in the Equatorial Paciﬁc and North Atlantic
Oceans (Radic et al., 2011; Conway and John, 2014a; Labatut et al., 2014)
and observed in situ within sediment pore waters (Homoky et al., 2013).
In terms of the ocean below ~500 m, the South Atlantic at this location is dominated by the lateral South–North or North–South movement of Southern- and Northern-sourced water masses, especially for
nutrients and trace metals such as Zn (Wyatt et al., 2014). The depth intervals of these water masses, speciﬁcally Antarctic Intermediate Water
(AAIW), Upper Circumpolar Deep Water (UCDW), North Atlantic Deep
Water (NADW), and Antarctic Bottom Water (AABW), are shown in
Fig. 4b–c, and are deﬁned following Wyatt et al. (2014), based either
on salinity, with NADW N 34.75 (~1700–4000 m) and AAIW b 34.4. For
δ56Fe below 700 m, the two δ56Fe proﬁles are identical within 2σ uncertainty (Fig. 4b). Above this, between 500 and 700 m, although there are
no direct comparable samples, there appears to be a disagreement in
δ56Fe. However, for comparison purposes it is important to note that
the salinity minimum corresponding to AAIW was from ~ 500–950 m
for GA10 (as shown in Fig. 4b), but deeper (750–950 m) for GIPY4, suggesting that the isotopically light δ56Fe of −0.18 ± 0.09‰ at 594 m from
GA10 is in fact most comparable to the −0.17 ± 0.07‰ at 763 m from
GIPY4; this can be seen more clearly in density space (Fig. 4c). With
this adjustment in mind, δ56Fe can be considered identical within uncertainty for both cruises over the entire water column below 500 m. This
remarkable consistency in water-column δ56Fe, in contrast to surface
waters at this location, highlights the quality of data being produced
by both laboratories, as well as again pointing to the stability of Fe
sources and cycling in the ocean at this location on this timescale, similar to that suggested at Bermuda.
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Little temporal variability on this timescale suggests that the deep
water masses at this location may have relatively stable transported
δ56Fe signatures, similar to that observed in the Western North Atlantic
(Section 3.1). Such signatures can be observed when water mass horizons are shown on the δ56Fe proﬁle (Fig. 4b), with AABW (+0.21 ±
0.07‰, and +0.21 ± 0.09‰) slightly isotopically heavier than crustal,
NADW (+0.29 ± 0.06‰, +0.33 ± 0.07, and +0.27 ± 0.07‰) distinctly
isotopically heavier than crustal, while UCDW (−0.12 ± 0.07‰ and −
0.09 ± 0.15‰) and AAIW (−0.17 ± 0.07‰ and −0.18 ± 0.09‰) are
both isotopically light. One additional GA10 sample from 2000 m,
from shallower depths of NADW, was slightly lighter (+0.17 ±
0.08‰), perhaps reﬂecting mixing with the above-lying isotopically
lighter UCDW. While it is not clear what might cause these differences
in water mass δ56Fe signatures, it could point to δ56Fe retained from different dominant Fe sources (e.g. reductive versus non-reductive sediment dissolution), or to fractionation processes during formation or
transport of these water masses. These ideas are explored in greater detail in the context of the full GIPY4 section in Abadie et al. (in review).
4. Conclusions
We have presented the ﬁrst oceanic comparison of dissolved δ56Fe
depth proﬁles from three locations in the Atlantic Ocean, including
both the ﬁrst full proﬁle interlaboratory comparison and comparison
with a previous intercalibration exercise. We found that: (1) There is
strong agreement between data and proﬁles produced by the two laboratories compared in this study, and the ﬁve laboratories compared in
the previous exercise, which allows the combination and interpretation
of δ56Fe datasets from different laboratories. Where discrepancies exist
between laboratories, they are typically on the order of 0.1‰, which is
occasionally greater than stated analytical uncertainty, but much less
than the overall variability in δ56Fe observed within the global ocean.
While some of this discrepancy may be due to true analytical error or
sample storage/handling, our data suggest that variability between
cruises may also be driven by true natural variability in δ56Fe. Thus, repeat occupation of oceanic stations by different GEOTRACES cruises and
δ56Fe analysis by different laboratories is essential for continued evaluation and comparison of analytical methods, but also permits evaluation
of temporal variability in oceanic Fe cycling. (2) At all three locations
compared in this study, there was remarkable agreement in the overall
shape of δ56Fe proﬁles on a 1–3 year timescale, including almost complete agreement over the full water column at Bermuda in the Western
North Atlantic and for the water column below 500 m in the South Atlantic. (3) Set against this overall homogeneity in δ56Fe, we observe apparent natural variability in δ56Fe in shallow waters in the South
Atlantic, and throughout the water column in the Eastern subtropical
North Atlantic, close to North Africa. Overall, where δ56Fe invariance is
observed, we suggest that the internal cycling and sources of δ56Fe is
stable on these timescales, in regions of the oceans dominated by stable
water-masses or single Fe sources (e.g. atmospheric dust). However,
δ56Fe may be more dynamic in surface waters with variable currents,
upwelling/regeneration or low-oxygen waters, all of which may either
facilitate the supply of Fe from different sources with different δ56Fe signatures or faciliate changes in the internal cycling of Fe. Taken together,
this work lends weight to the use of δ56Fe as a tracer to increase our understanding of the variability in supply from different Fe sources and
transport of Fe through the oceans, or in internal Fe cycling.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marchem.2016.04.007.
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