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Abstract. The EUCFe cruise (RV Kilo Moana, 2006) was
designed to characterize sources of Fe to the western equa-
torial Pacific and its transport by the Equatorial Undercur-
rent (EUC), a narrow and fast eastward current flowing along
the equator, to the eastern equatorial Pacific High Nutrient
Low Chlorophyll (HNLC) region. This study presents sea-
water dissolved (DFe) and particulate (PFe) iron concentra-
tions and isotopic compositions (δ56DFe and δ56PFe) from
15 stations in the equatorial band (2° N–2° S) between Papua
New Guinea and 140° W, over more than 8500 km along the
equator and in the upper 1000 m of the water column.
δ56DFe and δ56PFe ranged from −0.22 ‰ to
+0.79± 0.07 ‰ and from −0.52 ‰ to +0.43± 0.07 ‰, re-
spectively (relative to IRMM-14, 95 % confidence interval).
Source signatures, biogeochemical processes and transport
all contribute to these observations. Two distinct areas,
one under continental influence (the western equatorial
Pacific) and an open ocean region (the central equatorial
Pacific), emerged from the data. In the area under continental
influence, high PFe concentrations along with δ56DFe values
systematically heavier than that of δ56PFe indicated an
equilibrium fractionation and the co-occurrence of chemical
fluxes from both phases toward the other. This exchange
occurs through non-reductive processes, as previously pro-
posed from three of the eight stations of this area (Labatut et
al., 2014) and extends up to 1200 km from the coast. In the
open ocean area, preservation of a DFe isotopic signature
of ∼+0.36 ‰ within the EUC, from Papua New Guinea
to the central equatorial Pacific (7800 km), confirmed the
origin of the DFe carried within this current toward the
HNLC region. At the same depth, bordering the EUC at
2° N and 2° S at 140° W, light isotopic signatures suggested
that iron was originating from the eastern Pacific oxygen
minimum zones. These light signatures were also observed

in deeper central waters, between 200 and 500 m. Our data
did not allow conclusions about fractionation during uptake
by phytoplankton, but indicated that any fractionation, if
present, must be small, no larger than a few tenths of a per
mil.

1 Introduction

Iron (Fe) is an essential nutrient for phytoplankton, enabling
them to fulfil their role as primary producers (Morel et al.,
2020). Through its influence on primary productivity and
plankton speciation, Fe plays a critical role in regulating the
biological carbon pump and, consequently, the global car-
bon cycle and climate. Fe concentrations in the surface open
ocean are often low (of the order of 0.1 nmol kg−1), poten-
tially limiting primary productivity (Martin, 1992). Regions
where Fe is limiting, despite the availability of macronutri-
ents, are termed High Nutrient Low Chlorophyll (HNLC) ar-
eas. One notable HNLC region is the eastern equatorial Pa-
cific (Chisholm and Morel, 1991), where Fe is believed to
have a main source from the western Pacific and to be trans-
ported eastward within the Equatorial Undercurrent (EUC)
(Murray et al., 1994; Coale et al., 1996; Mackey et al., 2002;
Kaupp et al., 2011). The EUC is an eastward-flowing sub-
surface current associated with upwellings that transports Fe
from Papua New Guinea (PNG) toward South America along
the equator (Gordon et al., 1997; Kaupp et al., 2011; Radic
et al., 2011; Slemons et al., 2012; Winckler et al., 2016).
Iron within the EUC is assumed to have both lithogenic
and hydrothermal origins (Gordon et al., 1997). Specifically,
the lithogenic component is suggested to primarily originate
from rivers and sediments on the PNG continental margin
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(Mackey et al., 2002; Slemons et al., 2010; Radic et al., 2011;
Labatut et al., 2014).

Although Fe concentration data are fundamental, isotopic
measurements provide deeper insight into both the prove-
nance of Fe and internal processes governing its cycling (La-
can et al., 2008; John et al., 2012; Conway and John, 2014;
Ellwood et al., 2015). The isotopic composition of Fe, ex-
pressed as δ56Fe in per mil (‰), is defined as the deviation
of the 56Fe/54Fe ratio of a sample from that of the IRMM-14
standard:

δ56Fe=

(56Fe/54Fe
)

sample(
56Fe/54Fe

)
IRMM-14

− 1 (1)

The isotopic signatures can trace Fe from distinct
sources, including fluvial inputs (Fantle and DePaolo, 2004;
Bergquist and Boyle, 2006; Ingri et al., 2006), sedimentary
inputs (Severmann et al., 2006; Homoky et al., 2009; Radic et
al., 2011; Labatut et al., 2014), hydrothermal inputs (Sharma
et al., 2001; Severmann et al., 2004; Rouxel et al., 2008; Ben-
nett et al., 2009), and atmospheric inputs (Waeles et al., 2007;
Flament et al., 2008; Kurisu et al., 2016; Camin et al., 2025).
They also provide information on internal oceanic processes.
Processes such as biological assimilation, dissolution, sorp-
tion, precipitation, complexation and redox reactions, can
modify the isotopic composition of Fe, through isotopic frac-
tionation.

Despite advances, substantial uncertainties remain regard-
ing both the isotopic signature of sources and the isotopic
fractionation of processes. Hydrothermal and sedimentary
sources are poorly characterized due to limited understand-
ing of the processes governing Fe exchange and speciation.
Additionally, the extent and mechanisms of isotopic fraction-
ation remain incompletely understood. For example, frac-
tionation caused by phytoplankton during biological uptake
remains uncertain, with studies suggesting preferential up-
take of either lighter or heavier isotopes (Lacan et al., 2008;
Radic et al., 2011; Conway and John, 2014; Ellwood et al.,
2015, 2020; Klar et al., 2018; Sieber et al., 2021; Tian et al.,
2023; John et al., 2024).

To better understand the sources, transport, and cycling of
Fe in this region, the EUCFe cruise (Equatorial Undercur-
rent Fe cruise) was conducted across the western and central
equatorial Pacific (RV Kilo Moana, PI: J. W. Murray, 2006).
Iron isotope data from the EUCFe cruise were previously
published from four stations: three located in the west near
PNG and one in the open ocean (0°, 180° E) (Radic et al.,
2011; Labatut et al., 2014). At the three stations near PNG, an
important source of dissolved Fe (DFe) was attributed to non-
reductive exchange processes between dissolved and mainly
lithogenic particulate phases. The Fe isotope signatures ob-
served at the open ocean station indicated that in the deeper
layer of the EUC the Fe isotope signatures from the west-
ern Pacific were preserved toward the open ocean over more
than 4000 km. The Fe isotopic composition of aerosols, col-

Figure 1. Map of the EUCFe stations and some GP15, GP16 and
GP19 stations. Main surface and subsurface currents are repre-
sented, in blue those carrying water masses of northern origins, in
red those carrying waters of southern origins and in dashed green
the undercurrents. BS: Bismarck Sea; EUC: Equatorial Under-
Current; MC: Mindanao Current; NEC: North Equatorial Current;
NECC: North Equatorial CounterCurrent; NGCU: New Guinea
Coastal Undercurrent; SEC: South Equatorial Current (Delcroix et
al., 1992; Fine et al., 1994; Kashino et al., 1996, 2007; Johnson et
al., 2002; Tomczak and Godfrey, 2003).

lected during the cruise, was also documented. Their slightly
heavy signatures, δ56PFe=+0.31± 0.21 ‰ (2 SD, n= 9),
were interpreted as reflecting isotopic fractionation due to
partial dissolution of crustal dust during atmospheric trans-
port (Camin et al., 2025).

This present study reports Fe isotopic data from an addi-
tional 11 stations from the EUCFe cruise in the equatorial
band (2° N–2° S) between Papua New Guinea and 140° W,
over more than 8500 km along the equator and in the top
1000 m of the water column. By expanding the spatial cov-
erage of concentration and isotopic measurements, we con-
strain the basin scale Fe biogeochemical cycle in the western
and central equatorial Pacific.

2 Hydrodynamical context, water masses and currents

Seawater samples (n= 76) were collected during the EUCFe
cruise from the surface to 1000 m depth in the western and
central equatorial Pacific Ocean. This area is influenced by
the South and the North Pacific subtropical gyres that shape
the large-scale circulation. The equatorial branches of those
gyres are westward currents extending from the surface to
approximately 400 m depth (Cravatte et al., 2017): the North
Equatorial Current (NEC) and the South Equatorial Current
(SEC). The main surface and subsurface currents and the EU-
CFe stations with δ56Fe data are represented in Fig. 1.

One of the specific structures of this circulation is the
Equatorial Undercurrent (EUC). It is an intense subsurface
equatorial current, with velocities up to 1 m s−1 (Philander,
1973), flowing along the equator over 14 000 km (Tomczak
and Godfrey, 2003). Its core rises toward the surface east-
ward, from an average depth of 200 m in the western equa-
torial Pacific, to depths of 130 m in the central equatorial
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Figure 2. Potential temperature (θ , °C), salinity (S), dissolved oxy-
gen concentrations (O2, µmol kg−1) of EUCFe samples. Isopycnals
are shown in gray lines (σθ , kg m−3). The dashed ellipses show wa-
ter masses: Equatorial Surface Water (ESW), South Pacific Tropical
Water (SPTW), South Pacific Equatorial Water (SPEW), North Pa-
cific Equatorial Water (NPEW), Western South Pacific Central Wa-
ter (WSPCW), North Pacific Central Water (NPCW), South Antarc-
tic Mode Water (SAMW), South Equatorial Intermediate Water (Se-
qIW) and Antarctic Intermediate Water (AAIW).

Pacific and 40 m in the eastern equatorial Pacific (Tomczak
and Godfrey, 2003; Talley et al., 2011). It is fed by wa-
ters from the Low-Latitude Western Boundary Currents (LL-
WBCs) composed at two-thirds by southern currents (New
Guinea Coastal Current, New Guinea Coastal Undercurrent,
New Ireland Coastal Undercurrent) and at one-third by north-
ern currents (Mindanao Current) (Tsuchiya et al., 1989; Butt
and Lindstrom, 1994; Fine et al., 1994; Rodgers et al., 2003;
Grenier et al., 2011). The EUC is therefore enriched with nu-
trients of continental origins and plays an essential role sup-
plying the eastern equatorial Pacific HNLC area through the
equatorial upwelling (Coale et al., 1996; Ryan et al., 2006;
Slemons et al., 2009; Kaupp et al., 2011).

Below the EUC, there is a westward subsurface flow, the
Equatorial Intermediate Current (EIC). The EIC is bounded
by eastward North and South Subsurface Countercurrents
(NSCC and SSCC) centered around 2° N and 2° S, not shown
in Fig. 1 (Tomczak and Godfrey, 2003; Cravatte et al., 2017).

In the equatorial Pacific Ocean between 140° E and
140° W, at least 9 different water masses can be observed in
the upper 1000 m of the water column. Their θ , S and [O2]
characteristics are shown in Fig. 2 and reported in Table 1.
The upper 100 m are mainly composed of the Equatorial Sur-
face Water (ESW), characterized by high temperatures and
oxygen concentrations. ESW is mainly formed from two wa-
ter masses (Tropical Surface Water (TSW) and Subtropical

Surface Water (STSW)). Those are formed in the tropics
where evaporation exceeds precipitation and then transported
toward the equator by the North and South subtropical gyres.
Due to mixing with upwelled waters, ESW is colder than
TSW and STSW (Fiedler and Talley, 2006). Between 100
and 200 m, there are three water masses, from the saltiest to
the freshest: the South Pacific Tropical Water (SPTW), the
South Pacific Equatorial Water (SPEW), the North Pacific
Equatorial Water (NPEW) (Tsuchiya et al., 1989; Lacan and
Jeandel, 2001; Grenier et al., 2013). The SPTW originates
from surface waters subduction in the tropical South Pacific,
a high-salinity area with excess evaporation (Tsuchiya et al.,
1989). The SPEW is a less salty version of the SPTW and the
prevailing water mass around the equator at these depths. It
is the major constituent of the upper part of the EUC (σθ <
25.6 kg m−3) (Lacan and Jeandel, 2001; Tomczak and God-
frey, 2003; Grenier et al., 2011; Grenier, 2012). The NPEW
is formed by mixing of the SPEW and the North Pacific
Central Water (NPCW) (Tomczak and Godfrey, 2003). Be-
tween 200 and 500 m depth, central waters, defined by a lin-
ear region on temperature-salinity diagrams, are found (Pol-
lard et al., 1996; Stramma and England, 1999; Tomczak and
Godfrey, 2003). The Western South Pacific Central Water
(WSPCW), formed in the subtropical convergence zone be-
tween Tasmania and New Zealand, is the major constituent of
the lower part of the EUC (σθ > 25.6 kg m−3) (Tomczak and
Hao, 1989; Grenier et al., 2011; Grenier, 2012). WSPCW is
also the predominant water mass at these depths in the study
area. The North Pacific Central Water (NPCW) is formed in
the northern subtropical front (Tomczak and Godfrey, 2003).
NPCW is found in the northern part of the study area. Be-
tween 350 and 600 m, there is also the South Antarctic Mode
Water (SAMW), a water mass formed by vertical convective
overturning at the end of the winter north of the Antarctic
Circumpolar Current (McCartney, 1977; Sokolov and Rin-
toul, 2000). The SAMW is often associated with the Antarc-
tic Intermediate Water (AAIW), a deeper water mass. Both
water masses, SAMW and AAIW, are found in the western
part of the study area. Between 600 and 1000 m, two inter-
mediate waters can be identified: the Equatorial Intermediate
Water (EqIW) and the AAIW. Some scientists refer to EqIW
as part of the Antarctic Intermediate Water (AAIW) (Yuan
and Talley, 1992; Talley, 1999, 2008; Qu and Lindstrom,
2004). In this article, the distinction between the EqIW and
AAIW is relevant for studying key parameters such as oxy-
gen, nutrient concentrations and salinity along the equator.
The AAIW is formed by subduction of fresh surface water at
the subantarctic front, west of the Drake Passage (Tsuchiya,
1991; Talley et al., 2011). The EqIW is a mixing of AAIW
and Pacific Deep Water (formed without contact with the at-
mosphere by Antarctic Bottom Water, Atlantic Deep Water
and AAIW mixing) (Tomczak and Godfrey, 2003; Bostock
et al., 2010). It constitutes the predominant water mass at
these depths in the study region.

https://doi.org/10.5194/os-22-791-2026 Ocean Sci., 22, 791–820, 2026



794 C. Camin et al.: Iron isotope insights into equatorial Pacific biogeochemistry

Table
1.W

aterm
asses

identified
during

the
E

U
C

Fe
cruise,w

ith
theircharacteristics

in
the

study
area:origin,depth,potentialtem

perature
(θ,°C

),salinity,potentialdensity
anom

aly
(σ
θ ,

kg
m
−

3)and
dissolved

oxygen
concentration

(O
2 ,µm

olkg
−

1).W
here

the
currents

flow
is

specified.C
urrents

acronym
m

eanings
are

available
in

Fig.1,exceptforthe
N

orth
E

quatorial
Subsurface

C
urrent(N

E
SC

),the
South

E
quatorialSubsurface

C
urrent(SE

SC
)and

the
N

ew
Ireland

C
oastalU

ndercurrent(N
IC

U
).

W
aterM

asses
O

rigin
E

U
C

Fe
zone

D
epth

(m
)

θ
(°C

)
Salinity

σ
θ

(kg
m
−

3)
O

2
(µm

olkg
−

1) C
urrents

C
haracteristics

R
eferences

E
quatorialSurface

W
ater(E

SW
)

M
ixing

betw
een

the
TropicalSurface

W
ater

and
the

Subtropical
Surface

W
ater,

equatorialupw
ellings,

advection
ofthe

Peru
C

urrentW
ater

E
ntire

zone
0–100

21.0–
30.5

33.5–
35.7

20.5–
23.5

108–
193

SE
C

,
N

G
C

C
,

N
IC

U
,

E
U

C

/
Fiedlerand

Talley
(2006);E

U
C

Fe
sensor

data

South
Pacific

TropicalW
ater

(SPT
W

)

Subduction
ofsurface

w
aters

in
the

tropics
in

a
high-salinity

area
(evaporation

excess)
around

the
Polynesian

region

Southeastern
stations
(stations

3
and

15)

100–
200

18–25
35.7–
36.7

24.3–
25.3

134–
167

SE
C

,
N

G
C

U
,

N
G

C
C

,
N

IC
U

,
E

U
C

Subsurface
salinity
m

axim
um

T
suchiya

etal.(1989);
Q

u
and

L
indstrom

(2002);E
U

C
Fe

sensor
data

South
Pacific

E
quatorialW

ater
(SPE

W
)

Subduction
ofsurface

w
aters

in
the

tropics
in

a
high-salinity

area
(evaporation

excess)
around

the
Polynesian

region:one
branch,less

salty,ofthe
SPT

W

M
ainly

w
estern

equatorial
and
southw

estern
stations

100–
200

18–25
35.3–
35.8

23.8–
25.6

129–
145

SE
C

,
N

IC
U

,
N

G
C

U
,

N
G

C
C

,
E

U
C

/
Tom

czak
and

H
ao

(1989);T
suchiya

etal.
(1989);Q

u
and

L
indstrom

,2002;
Tom

czak
and

G
odfrey

(2003);E
U

C
Fe

sensor
data

N
orth

Pacific
E

quatorialW
ater

(N
PE

W
)

M
ixture

betw
een

SPE
W

and
N

PC
W

N
orthern

stations
(stations

1
and

26)

100–
200

16–20
34.7–
35.0

24.3–
25.5

80–145
N

E
C

,E
U

C
Salinity
m

inim
a

of
tropical
w

aters

Tom
czak

and
G

odfrey
(2003);E

U
C

Fe
sensor

data

N
orth

Pacific
C

entralW
ater

(N
PC

W
)

N
orthern

subtropical
front

N
orthw

estern
stations
(stations

13,
21,26)

200–
300

10–17
33.5–
34.7

25.2–
26.4

110–
135

E
U

C
Salinity
m

inim
a

of
central
w

aters

E
m

ery
and

M
eincke

(1986);Pickard
and

E
m

ery
(1990);

Tom
czak

and
G

odfrey
(2003);G

renier(2012);
E

U
C

Fe
sensordata

Ocean Sci., 22, 791–820, 2026 https://doi.org/10.5194/os-22-791-2026



C. Camin et al.: Iron isotope insights into equatorial Pacific biogeochemistry 795

Ta
bl

e
1.

C
on

tin
ue

d.

W
at

er
M

as
se

s
O

ri
gi

n
E

U
C

Fe
zo

ne
D

ep
th

(m
)

θ
(°

C
)

Sa
lin

ity
σ
θ (k
g

m
−

3 )
O

2
(µ

m
ol

kg
−

1 )C
ur

re
nt

s
C

ha
ra

ct
er

is
tic

s
R

ef
er

en
ce

s

W
es

te
rn

So
ut

h
Pa

ci
fic

C
en

tr
al

W
at

er
(W

SP
C

W
)

Su
bt

ro
pi

ca
l

co
nv

er
ge

nc
e

zo
ne

be
tw

ee
n

Ta
sm

an
ia

an
d

N
ew

Z
ea

la
nd

E
qu

at
or

ia
l

an
d

so
ut

he
rn

st
at

io
ns

an
d

so
m

e
no

rt
he

rn
st

at
io

ns

17
0–

50
0

8.
9–

17
34

.7
–

35
.5

26
.1

–
26

.9
20

–1
60

SE
C

,
N

G
C

U
,

N
IC

U
,

E
U

C
,E

IC
,

N
SC

C
,

SS
C

C

Sa
lin

ity
m

ax
im

um
of

ce
nt

ra
l

w
at

er
s

T
su

ch
iy

a
(1

98
1)

;
To

m
cz

ak
an

d
H

ao
(1

98
9)

;T
su

ch
iy

a
et

al
.

(1
98

9)
;S

ok
ol

ov
an

d
R

in
to

ul
(2

00
0)

;Q
u

an
d

L
in

ds
tr

om
(2

00
2)

;
To

m
cz

ak
an

d
G

od
fr

ey
(2

00
3)

;Q
u

et
al

.
(2

00
9)

;G
re

ni
er

(2
01

2)
;

E
U

C
Fe

se
ns

or
da

ta

So
ut

h
A

nt
ar

ct
ic

M
od

e
W

at
er

(S
A

M
W

)

V
er

tic
al

co
nv

ec
tiv

e
ov

er
tu

rn
in

g
at

th
e

en
d

of
w

in
te

rn
or

th
of

th
e

A
nt

ar
ct

ic
C

ir
cu

m
po

la
r

C
ur

re
nt

W
es

te
rn

st
at

io
ns

(s
ta

tio
ns

22
,

24
,2

5)

35
0–

60
0

8.
0–

9.
5

34
.6

–
34

.7
5

26
.7

–
26

.9
10

0–
14

5
E

IC
,S

E
C

/
M

cC
ar

tn
ey

(1
97

7)
;

So
ko

lo
v

an
d

R
in

to
ul

(2
00

0)
;E

U
C

Fe
se

ns
or

da
ta

So
ut

h
E

qu
at

or
ia

l
In

te
rm

ed
ia

te
W

at
er

(S
E

qI
W

)

M
ix

in
g

of
A

A
IW

an
d

Pa
ci

fic
D

ee
p

W
at

er
E

ve
ry

sa
m

pl
e

be
tw

ee
n

70
0

an
d

10
00

m
de

pt
h

ex
ce

pt
th

e
So

ut
h-

er
nm

os
t

st
at

io
ns

cl
os

e
to

th
e

B
is

m
ar

ck
Se

a

70
0–

10
00

4.
4–

5.
6

34
.5

–
34

.6
27

.2
–

27
.4

80
–1

05
E

IC
,

N
SC

C
,

SS
C

C
,

N
E

SC
,

SE
SC

/
W

yr
tk

i(
19

62
);

B
in

gh
am

an
d

L
uk

as
(1

99
5)

;B
os

to
ck

et
al

.
(2

01
0)

;E
U

C
Fe

se
ns

or
da

ta

A
nt

A
rc

tic
In

te
rm

ed
ia

te
W

at
er

(A
A

IW
)

Su
bd

uc
tio

n
of

fr
es

h
su

rf
ac

e
w

at
er

at
th

e
su

ba
nt

ar
ct

ic
fr

on
t,

w
es

t
of

th
e

D
ra

ke
Pa

ss
ag

e

So
ut

he
rn

m
os

t
st

at
io

ns
in

th
e

B
is

m
ar

ck
Se

a:
at

le
ss

th
an

60
km

fr
om

Pa
pu

a
N

ew
G

ui
ne

a
co

as
t

(s
ta

tio
ns

24
,

28
,3

0)

70
0–

10
00

4.
7–

6.
0

34
.4

–
34

.6
27

.2
–

27
.3

14
0–

17
0

SE
C

,
N

G
C

U
,

N
G

C
C

,
N

IC
U

Sa
lin

ity
m

in
im

a
of

in
te

rm
ed

ia
te

w
at

er
s

T
su

ch
iy

a
(1

99
1)

;
T

su
ch

iy
a

an
d

Ta
lle

y
(1

99
6)

;T
al

le
y

et
al

.
(2

01
1)

;E
U

C
Fe

se
ns

or
da

ta

https://doi.org/10.5194/os-22-791-2026 Ocean Sci., 22, 791–820, 2026



796 C. Camin et al.: Iron isotope insights into equatorial Pacific biogeochemistry

3 Sampling and analytical procedures

Sampling and analytical procedures have been previously de-
scribed (Radic et al., 2011; Labatut et al., 2014). They are
summarized below.

Seawater was sampled from surface to 1000 m depth us-
ing acid cleaned Go-Flo bottles (12 L) mounted on a trace
metal rosette equipped with a CTD, lent by the Univer-
sity of Victoria (Canada). Sample filtration was performed
onboard in a homemade plastic room pressurized with fil-
tered air, with acid-cleaned Nuclepore™ membranes (0.4 µm
pore size, 90 mm diameter) housed in Teflon filter holders
(Savillex™). After filtration, 10 L of filtered seawater were
stored in acid-cleaned polyethylene containers and mem-
branes were stored in acid-cleaned Petri dishes.

Samples were processed and analyzed at the LEGOS lab-
oratory (Observatoire Midi-Pyrénées, Toulouse, France) be-
tween 2009 and 2012. All chemical procedures were con-
ducted in a trace-metal-clean laboratory under an ISO4 lam-
inar flow hood, using high purity reagents and acid cleaned
labware.

Particles were fully digested in a mixture of 5 M HCl,
2.1 M HNO3, and 0.6 M HF at 130 °C for 3 h. To verify
the completeness of the digestion, selected filters were
re-digested, confirming no particulate Fe (PFe) remained.
Aliquots (2 %) were reserved for Al concentration measure-
ments using an Element-XR HR-ICP-MS. A 57Fe-58Fe dou-
ble spike was added to the remaining 98 % of the digested
material and to filtered seawater, in preparation for isotopic
analyses. Dissolved iron was preconcentrated from filtered
seawater on a NTA Superflow resin, at pH= 1.8. Fe was
purified from both types of samples with AG1-X4 anionic
resin. Iron isotopic compositions and concentrations were
measured with a Neptune MC-ICP-MS.

Uncertainties are reported at a 95 % confidence level
throughout this article. For Fe concentrations and isotope
measurements on the Neptune, the total procedural recov-
ery was 93± 25 % for PFe and 86± 33 % for DFe. The total
procedural blanks were 0.74± 1.17 ng (2 SD) for DFe and
7.47± 1.09 ng (2 SD) for PFe. This amounts to 0.5 % and
0.6 % of the samples’ average Fe content for DFe and PFe,
respectively and 2.8% and 9.7 % for the sample with the
smallest Fe content for DFe and PFe, respectively. For DFe,
the filtered seawater from a sample was divided into several
aliquots, then each was processed individually (including dif-
ferent double spiking, preconcentration and purification). For
PFe, each sample, i.e., membrane, was first digested (no di-
vision of the membrane before digestion), then the digested
sample was divided into several aliquots, and each was pro-
cessed individually (including different double spiking and
purification). In some instances, duplicate samples are taken
at sea, from the same cast. These replicates are termed “Go-
Flo replicates” in the Table A1 in the Appendix. Repeatabil-
ity was 8 % for DFe concentrations, 4 % for PFe concentra-
tions, 0.05 ‰ for δ56DFe and 0.04 ‰ for δ56PFe. This level

of precision is better than the long-term external precision of
0.07 ‰, determined from repeated analyses of an in-house
“ETH Hematite” isotopic standard. As a result, uncertainties
for δ56Fe data are reported as either ±0.07 ‰ or the inter-
nal measurement uncertainty (2 standard errors), whichever
is larger.

The LEGOS Fe isotope protocol has been validated
through intercalibration and intercomparison exercises
(Boyle et al., 2012; Conway et al., 2016) and detailed in La-
can et al. (2008, 2010, 2021). Accuracy (referring to the two
concepts of trueness and precision) of elemental concentra-
tions measured by HR-ICP-MS was regularly verified using
the certified SLRS-5 river water material and through inter-
calibration exercises (Yeghicheyan et al., 2013, 2019).

4 Results

Concentrations and isotopic compositions of DFe and PFe
in seawater are reported in Table 2. Previously published
data from four stations (14, 24, 28 and 30) are included here
for clarity (Radic et al., 2011; Labatut et al., 2014). All Fe
concentrations, Fe isotopic compositions, temperature, salin-
ity, oxygen data and an intercalibration report, have been
included in the GEOTRACES Data Product. They are also
available on the SEANOE open data repository (Lacan et al.,
2025).

Two distinct groups of stations emerge from these obser-
vations. These are the western equatorial Pacific and central
equatorial Pacific. In the western equatorial Pacific, PFe con-
centrations were significantly higher, approximately seven
times larger, than typical open ocean values. This group in-
cludes stations 21, 22, 23, 24, 25, 26, 28 and 30. In the central
equatorial Pacific, PFe concentrations were mostly typical of
open ocean values. This group includes stations 1, 2, 3, 7, 13,
14 and 15. Data for both areas are shown in Figs. 3 and 4.

4.1 Iron concentrations

DFe and PFe concentrations ranged from 0.05 to
1.46 nmol kg−1 and from 0.14 to 29.45 nmol kg−1, re-
spectively.

A few common features in Fe concentration profiles can be
identified across stations from the surface to 1000 m. (i) With
the exception of station 28 located near the mouth of the
Sepik River, lowest concentrations were found near the sur-
face, mostly in the chlorophyll maximum layer, where bi-
ological uptake depletes the concentration of bioavailable
Fe. (ii) From the surface to 200 m depth, Fe concentrations
tended to increase. Deeper than 200 m, the profiles became
more variable, with no uniform trend across stations. (iii) Sta-
tions 3, 13, 14 and 15 displayed typical open ocean, nutrient
like, DFe profiles. (iv) The particulate iron (PFe) fraction pre-
dominated over the dissolved fraction (DFe), accounting on
average for 80 % mol mol−1 of total iron (TFe) at western
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Table 2. Location, depth, hydrological properties, concentration and isotopic composition of dissolved and particulate Fe (DFe and PFe).
Concentration relative uncertainties are 8.0 % for DFe and 4.3 % for PFe (95 % confidence level). U95 stands for measurement uncertainty at
the 95 % confidence level. For most samples, dissolved O2 concentration was measured in the samples onboard. When direct measurements
were not available, as indicated by the superscripted “a”, oxygen concentrations from the oxygen sensor on the rosette were used following
calibration with in situ data. The superscripted “b” and “c” indicate data previously published by Radic et al. (2011) and Labatut et al. (2014),
respectively. ESW: Equatorial Surface Water; SPTW: South Pacific Tropical Water; SPEW: South Pacific Equatorial Water; NPEW: North
pacific Equatorial Water; NPCW: North Pacific Central Water; WSPCW: Western South Pacific Central Water; SAMW: South Antarctic
Mode Water; SEqIW: South Equatorial Intermediate Water; AAIW: Antarctic Intermediate Water; Chloro. Max: Chlorophyll Maximum
layer.

GoFlo
bottle

Depth
(m)

θ (°C) Salinity O2
(µmol kg−1)

σθ
(kg m−3)

Water mass DFe
(nmol kg−1)

δ56DFe
(‰)

δ56DFe
U95
(‰)

PFe
(nmol kg−1)

δ56PFe
(‰)

δ56PFe
U95
(‰)

STATION 1 (1.6° N 140.0° W, cast TM3, 25 August 2006, bottom depth: 4364 m)

12 15 26.5 35.05 204 22.93 ESW 0.26 +0.43 0.08 0.39 +0.06 0.07
10 48 26.4 35.09 202 22.98 ESW

(Chloro.
Max.)

0.26 +0.32 0.07 0.43 +0.25 0.07

8 119 19.2 34.79 81 24.82 NPEW 0.37 +0.28 0.08 0.24 +0.23 0.07
6 268 12.3 34.87 43 26.43 WSPCW 0.36 −0.19 0.11 0.21 +0.06 0.07
4 497 8.8 34.65 a23 26.88 WSPCW 0.71 −0.22 0.09 0.38 +0.12 0.07
2 794 5.3 34.54 a87 27.28 SEqIW 0.77 +0.40 0.07 0.30 −0.11 0.07

STATION 2 (0.0° N 140.0° W, cast TM9, 26 August 2006, bottom depth: 4333 m)

12 15 26.5 35.33 201 23.13 ESW 0.13 +0.19 0.07 0.47 +0.19 0.07
10 49 26.2 35.36 188 23.23 ESW

(Chloro.
Max.)

0.38 +0.14 0.09 – – –

8 114 24.3 35.59 143 24.00 SPEW 0.17 +0.25 0.07 – – –
6 246 13.0 34.93 98 26.34 WSPCW 0.44 +0.29 0.07 – – –
4 348 11.4 34.82 a24 26.57 WSPCW 0.43 −0.10 0.07 – – –
2 992 4.6 34.55 a86 27.37 SEqIW 0.61 +0.11 0.07 – – –

STATION 3 (2.0° S 139.6° W, cast TM11, 27 August 2006, bottom depth: 4257 m)

12 13 26.9 35.51 203 23.13 ESW 0.07 – – 0.60 +0.41 0.07
10 59 26.9 35.51 205 23.14 ESW

(Chloro.
Max.)

0.06 +0.31 0.07 – – –

8 110 20.3 35.76 167 25.25 SPTW 0.14 +0.30 0.12 0.14 +0.33 0.07
7 198 12.8 34.93 25 26.37 WSPCW 0.24 −0.06 0.07 – – –
4 476 9.0 34.67 a36 26.87 SEqIW 0.43 +0.14 0.07 – – –
1–2 993 4.5 34.55 a91 27.37 SEqIW 0.41 +0.35 0.07 0.40 +0.15 0.08

STATION 7 (2.1° S 155.1° W, cast TM16, 2 September 2006, bottom depth: 4992 m)

11 75 27.9 35.61 196 22.87 ESW
(Chloro.
Max.)

0.07 – – 0.55 +0.22 0.07

STATION 13 (2.0° N 179.6° W, cast TM25, 10 September 2006, bottom depth: 5218 m)

12 15 30.3 34.43 195 21.20 ESW 0.07 +0.79 0.07 0.80 −0.04 0.08
10 79 29.2 35.32 184 22.23 ESW

(Chloro.
Max.)

0.10 +0.35 0.07 0.49 +0.26 0.11

8 119 28.2 35.49 137 22.69 ESW 0.07 +0.72 0.07 – – –
7 170 13.8 34.69 134 25.98 NPCW 0.32 +0.30 0.08 0.87 +0.12 0.10
4 377 10.3 34.75 a68 26.70 WSPCW 0.47 +0.35 0.07 1.02 +0.12 0.12
2 892 5.1 34.54 97 27.30 SEqIW 0.41 +0.25 0.07 0.31 – –
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Table 2. Continued.

GoFlo
bottle

Depth
(m)

θ (°C) Salinity O2
(µmol kg−1)

σθ
(kg m−3)

Water mass DFe
(nmol kg−1)

δ56DFe
(‰)

δ56DFe
U95
(‰)

PFe
(nmol kg−1)

δ56PFe
(‰)

δ56PFe
U95
(‰)

STATION 14 (0.0° N 180° E, cast TM28, 11 September 2006, bottom depth: 5260 m)b

12 14 30.4 34.67 201 21.35 ESW 0.06 – – 0.37 +0.27 0.07
10 98 29.4 35.39 186 22.22 ESW

(Chloro.
Max.)

0.06 +0.58 0.07 0.43 +0.43 0.09

8 139 22.6 35.56 137 24.48 SPEW 0.20 +0.31 0.08 0.53 +0.13 0.09
6 197 14.9 34.86 140 25.88 WSPCW 0.53 +0.40 0.12 0.53 +0.40 0.07
4 397 9.8 34.71 64 26.76 WSPCW 0.61 +0.01 0.07 0.81 +0.15 0.11
2 842 5.3 34.54 82 27.27 SEqIW 0.59 +0.22 0.08 0.51 +0.28 0.10

STATION 15 (2.0° S 180.0° E, cast TM30, 12 September 2006, bottom depth: 5390 m)

12 16 30.2 34.49 206 21.27 ESW 0.06 +0.55 0.07 0.39 +0.27 0.07
10 75 29.3 35.49 199 22.32 ESW

(Chloro.
Max.)

0.05 – – 0.27 +0.30 0.07

8 139 24.2 35.98 134 24.31 SPTW 0.10 +0.43 0.07 0.33 +0.23 0.12
6 171 16.4 35.35 133 25.93 WSPCW 0.23 +0.20 0.07 0.49 +0.12 0.11
2 844 5.3 34.53 99 27.27 SEqIW 0.58 +0.32 0.07 0.98 −0.05 0.10

STATION 21 (2.0° N 156.0° E, cast TM40, 20 September 2006, bottom depth: 2587 m)

10 75 28.1 35.37 158 22.65 ESW
(Chloro.
Max.)

0.11 – – 0.41 +0.18 0.14

8 147 24.4 35.48 129 23.89 SPEW 0.36 +0.40 0.08 0.60 −0.05 0.07
7 194 12.0 34.58 124 26.25 NPCW 0.45 +0.16 0.07 1.59 +0.05 0.07

STATION 22 (0.2° N 156.0° E, cast TM43, 21 September 2006, bottom depth: 2049 m)

12 24 29.7 33.91 200 21.00 ESW 0.09 – – 0.39 +0.19 0.07
10 54 28.6 34.89 195 22.12 ESW

(Chloro.
Max.)

0.09 – – 0.32 +0.22 0.07

8 191 18.2 35.35 143 25.49 SPEW 0.71 +0.48 0.08 2.89 +0.00 0.07
6 257 12.2 34.82 134 26.41 WSPCW 0.96 +0.40 0.07 4.26 +0.02 0.07
4 393 9.3 34.68 a101 26.82 SAMW – – – 1.51 +0.01 0.12
3 393 9.3 34.68 a101 26.82 SAMW 0.91 +0.25 0.07 1.68 +0.05 0.15

STATION 23 (1.2° S 155.6° E, cast TM45, 22 September 2006, bottom depth: 1997 m)

10 74 28.2 35.35 a183 22.60 ESW
(Chloro.
Max.)

0.07 +0.26 0.09 0.29 +0.14 0.11

8 185 18.4 35.50 a138 25.56 SPEW 0.46 +0.32 0.09 1.83 −0.03 0.14
6 218 13.6 35.08 a137 26.34 WSPCW 0.72 +0.29 0.07 1.87 +0.04 0.07
5 218 13.6 35.08 a137 26.34 WSPCW 0.72 +0.30 0.11 2.52 −0.01 0.13
4 218 13.6 35.08 a137 26.34 WSPCW 0.75 +0.22 0.07 2.70 +0.03 0.12

STATION 24 (3.2° S 152.3° E, cast TM47, 23 September 2006, bottom depth: 1669 m)c

11 39 28.7 34.56 199 21.83 ESW 0.48 −0.03 0.07 1.15 +0.13 0.14
9 64 27.4 34.74 196 22.38 ESW

(Chloro.
Max.)

0.30 +0.20 0.07 1.66 +0.01 0.16

7 179 19.9 35.57 133 25.22 SPEW 0.86 −0.03 0.07 7.81 −0.48 0.11
5 367 10.5 34.78 a143 26.70 WSPCW 0.67 +0.27 0.08 4.87 −0.03 0.12
2 912 4.6 34.52 141 27.34 AAIW 0.99 +0.34 0.07 4.91 +0.00 0.10
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Table 2. Continued.

GoFlo
bottle

Depth
(m)

θ (°C) Salinity O2
(µmol kg−1)

σθ
(kg m−3)

Water mass DFe
(nmol kg−1)

δ56DFe
(‰)

δ56DFe
U95
(‰)

PFe
(nmol kg−1)

δ56PFe
(‰)

δ56PFe
U95
(‰)

STATION 25 (0° N 149.3° E, cast TM50, 25 September 2006, bottom depth: 3364 m)

11 25 29.4 33.95 215 21.14 ESW 0.17 – – 0.44 +0.25 0.09
9 135 21.9 35.69 133 24.79 SPEW 0.70 +0.03 0.13 1.44 −0.52 0.10
6 198 15.6 35.20 136 26.00 WSPCW 0.75 +0.38 0.14 4.12 +0.02 0.07
5 372 10.3 34.75 a126 26.71 SAMW 0.99 – – 3.48 +0.00 0.07
3 793 5.5 34.53 a103 27.24 SEqIW 0.98 +0.13 0.07 1.76 −0.06 0.07
2 793 5.5 34.53 a103 27.24 SEqIW 0.87 – – 1.77 −0.05 0.07

STATION 26 (1.6° N 145.0° E, cast TM52, 26 September 2006, bottom depth: 4490 m)

11 24 28.8 34.03 200 21.40 ESW 0.16 – – 0.42 – –
8 152 20.0 35.41 135 25.08 SPEW 0.61 – – 2.20 +0.01 0.07
6 219 16.4 34.77 a144 25.48 NPEW 0.36 – – 1.85 +0.12 0.07
5 258 10.4 34.52 a111 26.51 NPCW 0.64 +0.20 0.07 2.09 +0.04 0.07
3 346 9.4 34.67 a127 26.79 WSPCW 0.83 – – 3.76 +0.02 0.07

STATION 28 (3.4° S 143.9° E, cast TM56, 28 September 2006, bottom depth: 2256 m)b,c

10 39 27.5 34.70 196.6 22.32 ESW 0.89 +0.53 0.07 29.45 +0.04 0.09
8 94 26.5 34.85 180.9 22.77 ESW

(Chloro.
Max.)

0.45 +0.40 0.10 4.64 +0.01 0.07

7 189 19.1 35.45 145 25.33 SPEW 0.67 +0.43 0.11 6.91 +0.29 0.07
5 319 13.8 35.09 154 26.31 WSPCW 0.77 +0.29 0.07 7.34 +0.04 0.07
2 793 5.5 34.50 151 27.22 AAIW 1.46 +0.06 0.07 9.29 −0.03 0.10

STATION 30 (5.6° S 147.4° E, cast TM61, 30 September 2006, bottom depth: 1040 m)c

10 23 27.3 34.76 a200 22.44 ESW 0.13 – – 0.45 +0.30 0.11
7 199 18.7 35.53 a144 25.49 SPEW 0.65 +0.41 0.12 3.72 +0.17 0.07
6 348 11.8 34.92 a162 26.57 WSPCW 0.48 +0.31 0.07 3.90 +0.20 0.07
3 724 5.9 34.48 a166 27.15 AAIW 0.94 +0.44 0.12 3.23 +0.01 0.07
2 909 4.6 34.51 a143 27.33 AAIW 1.21 – – 7.62 −0.03 0.07

equatorial Pacific stations (140–156° E) and 66 % mol mol−1

at central equatorial Pacific stations (180° E–140° W) (Fig.
A1 in the Appendix).

Slemons et al. (2010, 2012) measured DFe and PFe con-
centrations by FIA during the same cruise. All data were
of the same order of magnitude and ranged similarly. How-
ever, our data were almost systematically slightly lower (with
a mean difference of 0.35± 0.44 nmol kg−1 for DFe and
0.35± 0.90 nmol kg−1 for PFe). In addition, EUCFe DFe
and PFe concentration data are in good agreement with data
published in the same area (John et al., 2018; Marsay et al.,
2018; Zheng and Sohrin, 2019; Cohen et al., 2021; Sarthou
et al., 2025).

4.2 Iron isotopic compositions

The isotopic signatures of dissolved (δ56DFe) and particulate
Fe (δ56PFe) ranged from−0.22 ‰ to+0.79 ‰ and−0.52 ‰
to +0.43 ‰, respectively (Fig. 4).

Across all stations, 85 % of the samples had isotopic com-
positions of dissolved iron (δ56DFe) higher than the up-
per continental crust (UCC) reference value of +0.07 ‰
(Poitrasson, 2006). δ56DFe of western equatorial Pacific sta-

tions ranged from −0.03 ‰ to +0.53 ‰, with an average of
+0.28± 0.30 ‰ (2 SD, n= 27) and showed no systematic
variation with depth or location. At the central equatorial
Pacific stations, δ56DFe ranged from −0.22 ‰ to +0.79 ‰,
with an average of +0.27± 0.45 ‰ (2 SD, n= 32). The
surface layer exhibited relatively heavy isotopic signatures
(around +0.5 ‰), which generally decreased with depth,
reaching values around−0.2 ‰ at approximately 400 m. Be-
low this depth, between 800 and 1000 m, δ56DFe values in-
creased again, to +0.4 ‰.

The isotopic compositions of particulate iron (δ56PFe)
at the western equatorial Pacific stations, +0.03± 0.32 ‰
(2 SD, n= 39) on average, were remarkably homogeneous
and remained close to the UCC value, except for two sam-
ples from stations 24 and 25. At the central equatorial Pacific
stations, δ56PFe were slightly more variable, from −0.11 ‰
to +0.43 ‰ (with an average of +0.19± 0.27 ‰, 2 SD, n=
26), and 81 % of the samples were heavier relative to the
UCC.

EUCFe data can be compared with three nearby cruises:
GEOTRACES GP16 (2013), a zonal cruise along 10° S, from
75° W to 155° W, GEOTRACES GP15 (2018), a meridional
section along 150° W with one station located at the equator
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Figure 3. Profiles of concentrations of DFe and PFe in nmol kg−1 in the western equatorial and central equatorial Pacific. For each station,
the error bars are smaller than the symbols for Fe concentrations: on average 8 % for DFe and 4 % for PFe. Stations 14 and 28 were previously
published by Radic et al. (2011) and stations 24, 28 and 30 by Labatut et al. (2014). The x-axis is broken to show all PFe concentrations
from western equatorial Pacific stations.

and GEOTRACES GP19 (2015), a meridional section along
170° W with one station located at the equator (Fig. 1). In
the equatorial Pacific area, the circulation is highly zonal,
and previous studies have shown that the water mass geo-
chemistry at 12° S is not directly linked to that of the equato-
rial band (Lacan and Jeandel, 2001). This prevents the use
of GP16 data and limits that of GP15 and GP19 to their
equatorial stations (stations 29 and 21, respectively). These
GP15 and GP19 Fe isotope data have not yet been published
but are available in GEOTRACES Intermediate Data Prod-

uct 2025 (GEOTRACES Intermediate Data Product Group,
2025). Figure 5 displays the GP15 station 29 and GP19 sta-
tion 21 δ56DFe profiles with the closest equatorial EUCFe
stations, stations 2 and 14 (EUCFe station 7 is excluded from
this comparison because it only reports a single data point at
75 m). Given the time lag between the three cruises (up to
12 years), and the thousand km between the stations, the up-
per 200 m are excluded from this comparison due to poten-
tial variabilities. At four depths, approximately 200, 400, 800
and 1000 m, δ56DFe data from the three cruises can be com-

Ocean Sci., 22, 791–820, 2026 https://doi.org/10.5194/os-22-791-2026



C. Camin et al.: Iron isotope insights into equatorial Pacific biogeochemistry 801

Figure 4. δ56DFe and δ56PFe profiles in the western equatorial and central equatorial Pacific. The black dashed line indicates the crustal
value,+0.07 ‰ (Poitrasson, 2006). Individual error bars are not shown for clarity, but typical uncertainty (±0.07 ‰) is indicated by the scale
bar.

pared (Fig. 5). These are in excellent agreement. No δ56PFe
data have been reported for GP15 and GP19.

5 Discussion

5.1 Influence of external iron inputs in the western
equatorial Pacific

Fe concentrations throughout the entire water column in
the western equatorial Pacific were approximately twice as
high for DFe (0.63 nmol kg−1 compared to 0.30 nmol kg−1,

on average) and approximately seven times higher for PFe
(3.58 nmol kg−1 compared to 0.49 nmol kg−1, on average)
relative to the central equatorial Pacific stations. The particu-
late Fe (PFe) fraction dominated total Fe (TFe), particularly
in the western equatorial Pacific stations, where PFe/TFe ra-
tios ranged from 63 % mol mol−1 to 97 % mol mol−1 (Fig.
A1). These patterns were documented previously in sev-
eral studies, and attributed to lithogenic inputs from terres-
trial sources, with occasional hydrothermal contributions and
minimal input from atmospheric sources (Milliman, 1995;
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Figure 5. Comparison of δ56DFe values from the EUCFe, GP15
and GP19 cruises. The upper 200 m, shaded in gray, are excluded
from the comparison. The dashed ellipses show the 4 depths where
comparison can be made for δ56DFe values. Please note that at
1000 m, values from stations 2, 21 and 29 are close, making station
21 less visible. The black dashed line indicates the crustal value.
The GP15 cruise data were produced by M. Sieber and T. Conway,
and the GP19 cruise data were produced by Tim Conway, Matthias
Sieber and Derek Vance; both datasets are available in the GEO-
TRACES Data product (GEOTRACES Intermediate Data Product
Group, 2025).

Kineke et al., 2000; Mackey et al., 2002; Slemons et al.,
2010; Radic et al., 2011; Labatut et al., 2014).

A box model (Fig. 6) for the region 133° E–177° W, 9° S–
15° N was used to investigate the relative importance of pos-
sible PFe sources leading to these high concentrations. The
model includes PFe transported by oceanic currents, atmo-
spheric deposition and delivered by rivers (notably the Sepik
River, with potential deposition to and resuspension from
sediments). Particle settling within the water column and hy-
drothermal sources were neglected.

The transport of water masses in this area, from the surface
to a depth of 1000 m, was estimated at 19.4± 0.4 Sv (1 SD),
based on the flow in Vitiaz Strait during the Austral winter
(i.e., the same period as the EUCFe cruise) (Germineaud et
al., 2016). The incoming water is assumed to carry a typi-
cal open ocean PFe concentration (average value for the up-
per 1000 m of the water column, station 36, GP16 cruise) of
0.15± 0.08 nmol kg−1 (1SD) (Marsay et al., 2018), prior to
enrichment within the study area (Fig. 1). The flux of PFe

transported by water masses into this area, calculated as the
product of these two quantities, is Flux PFeSW in = 14.5×
106 g(PFe) d−1. The average PFe concentration in this area
(stations 21 to 30) ranged between 2.9 and 3.8 nmol kg−1 de-
pending on the calculation method chosen (Table A1). The
fluxes derived from these concentrations will be given as a
range. This leads to a PFe flux transported out of the area
by water masses, Flux PFeSW out, between 272× 106 and
357× 106 g(PFe) d−1 (concentration multiplied by 19.4 Sv).
In a steady state model, where inputs are balanced by outputs,
one or more sources must be contributing approximately be-
tween 258× 106 and 342× 106 g(PFe) d−1 to this area.

Particulate iron atmospheric deposition was estimated us-
ing the Fe concentration in aerosols over this region, mea-
sured during the same cruise at 3.01 ng m−3 (Camin et al.,
2025), multiplied by a bulk aerosol deposition velocity. The
deposition area shown in Fig. 6, chosen as representative of
this region of elevated PFe concentrations, covers approxi-
matively 1.54×107 km2 (the box model surface area of 1.6×
107 km2 minus the New Guinea land area of 0.08×107 km2;
Baldacchino, 2024). The bulk aerosol deposition velocity,
denoted Vb (m d−1), includes both wet and dry deposition.
It can be calculated from the precipitation rate (mm d−1) ac-
cording to the formula from Kadko et al. (2020), recently
updated by He et al. (2025), who used 7Be as a proxy for
atmospheric deposition:

Vb = 413 ± 22 × Precipitation Rate + 1069 ± 71 (2)

To estimate the precipitation rate, we used the NASA Gio-
vanni data product TRMM to determine the mean daily pre-
cipitation rate over the entire region considered in the box
model from 20 to 30 September 2006. The mean value was
11.4± 6.6 mm d−1 (2 SD) (Table A2). Applying Eq. (2), the
bulk aerosol deposition velocity is therefore 5777 m d−1.
The resulting atmospheric PFe deposition flux was Flux
PFeaerosol = 268×106 g(PFe) d−1. This estimate accounts for
between 78 % and 104 % of the required external sources
(Table A1). However as discussed below, this PFe atmo-
spheric deposition flux is orders of magnitudes lower than
that delivered by rivers.

Papua New Guinea accounts for 8 % to 10 % of the global
export of sediment to the ocean (1.7×1017 g(sediment) yr−1)
(Milliman et al., 1999). The Sepik River and other north-
ern rivers of PNG discharge 8.6× 1014 g(sediment) yr−1 to
this study area (Milliman et al., 1999). Assuming that Fe
amounts to 5 % w w−1 of the sediment discharge, (the UCC
value from Rudnick and Gao, 2014), the estimated river-
ine discharge of PFe to the western equatorial Pacific is
4.3× 1013 g(PFe) yr−1, i.e., 1.2× 1011 g(PFe) d−1. This es-
timate accounts for between 35 064 % and 46 556 % of the
required external sources (Table A1).

Thus, the riverine PFe flux is 448-fold larger than the at-
mospheric PFe flux. This flux comparison argues in favor of
a contribution dominated by input from rivers. Isotopic sig-
natures provide an additional constraint and also support a
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Figure 6. Box model describing PFe inputs and output to the western equatorial Pacific region. Note that although all external sources enter
the seawater box, part of them are removed to the sediments.

riverine source, as the δ56PFe values are close to crustal val-
ues in this region (Table 2 and Fig. 4), whereas aerosols ex-
hibit a heavier isotopic signature, around +0.3 ‰ (Camin et
al., 2025).

Regarding riverine particles, the question of their transport
mechanism over such a distance from the coast (∼ 1200 km)
arises. The Sepik River and other northern rivers of PNG de-
liver large sediment loads to the coastal ocean due to fac-
tors including intense rainfall from the Inter-Tropical Con-
vergence Zone, a narrow shelf associated with the active
margin, the sediment erodibility (geology, human activities)
and tectonism (seismic and volcanic activity, relief) (Milli-
man and Syvitski, 1992). Lithogenic iron (Fe) observed at
the western equatorial Pacific stations can be due to direct
fluvial inputs, resuspended sediments, isopycnal plumes, and
hyperpycnal flows (Kineke et al., 2000; Mackey et al., 2002;
Kuehl et al., 2004; Renagi et al., 2010; Slemons et al., 2012).
These processes can transport Fe seaward across the slope
(Kineke et al., 2000; Kuehl et al., 2004; Renagi et al., 2010).
These lithogenic inputs, leading to very significant PFe ex-
cess compared to open ocean values, extend throughout the
sampled water column (0–1000 m) at all stations in the west-
ern equatorial Pacific. Therefore, we discuss these data below
as a whole, without distinguishing between different water
masses or currents.

At the western equatorial Pacific stations, PFe isotopic
compositions are close to the UCC reference value, support-
ing a predominantly lithogenic origin discussed above (Table
2 and Fig. 4). Only two samples, from stations 24 and 25, ex-
hibit near-zero δ56DFe and δ56PFe values close to −0.5 ‰,
likely reflecting a hydrothermal contribution, as previously
suggested by Labatut et al. (2014) for station 24. North-
eastern PNG is an active margin with hydrothermal activity
(Auzende et al., 2000) with shallow sources able to supply
EUC via the NICU (Mackey et al., 2002).

The isotopic difference between dissolved and particulate
Fe, 156FeDFe−PFe, is shown in Fig. 7. Except for one data
point at the surface this difference is consistently positive,
i.e., DFe is systematically heavier than PFe. This is true
for 26 out of 27 data points, including the two data points
discussed above with significantly different δ56PFe values
(attributed to hydrothermal influence). On average this dif-
ference is 156FeDFe−PFe =+0.27± 0.32 ‰ (2 SD, n= 27).
This systematic difference suggests a mechanistic link be-
tween particulate and dissolved Fe pools, associated with an
isotopic fractionation. A kinetic isotopic fractionation associ-
ated with an unidirectional reaction would lead to a reaction
product isotopically lighter than the reactant. In such a hy-
pothesis, PFe being lighter than DFe, this would imply that
PFe is produced from DFe (for instance by precipitation).
This is totally unlikely given the predominance of lithogenic
PFe sources in this area. We therefore exclude the hypothesis
of a kinetic fractionation and conclude that there is an equi-
librium isotopic fractionation between PFe and DFe. Equilib-
rium fractionation implies co-occurrence of chemical fluxes
from both phases toward the other. In addition, because DFe
is heavier than PFe, the processes responsible for the flux
from the particulate to the dissolved phase cannot be as-
sociated with an Fe reduction process (that would produce
lighter DFe, Criss, 1999). This is consistent with the oxy-
genated water column in this region (Table 2). The PFe to
DFe flux is therefore a non-reductive release of dissolved Fe,
a process named non-reductive dissolution, NRD, by Radic
et al. (2011). The term NRD can refer to dissolution, as well
as to other type of processes from the particulate to the dis-
solved phase, such as desorption. This non-reductive release
of dissolved Fe probably reflects processes similar to the re-
versible scavenging process proposed for Th or rare earth
elements (REE) (Bacon and Anderson, 1982; Nozaki et al.,
1987; Nozaki and Alibo, 2003). These conclusions have been
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Figure 7. Differences between the dissolved and particulate of iron isotopic compositions (δ56DFe− δ56PFe) from the surface to 1000 m
depth in the western equatorial and central equatorial Pacific.

previously proposed for stations 24, 28 and 30 (Radic et al.,
2011; Labatut et al., 2014). The addition of data from five
additional western stations reinforces the conclusions drawn
from earlier studies and extends the geographic scope of
these findings eastward beyond the Bismarck Sea, to as far
as 156° E. This confirms the significant role of lithogenic in-
puts from PNG on the biogeochemistry of the area. These
processes govern particulate – dissolved interactions at least
up to 1200 km from the source, within the upper 1000 m of
the water column.

The non-reductive release of dissolved iron, NRD, at the
sediment/water column interface has now been observed in
numerous studies as a significant external DFe source. These
include the western Pacific (Radic et al., 2011; Labatut et
al., 2014; this study), the northwest Atlantic (Conway and
John, 2014), the northeast Atlantic (Klar et al., 2018), the
southeast Atlantic (Conway et al., 2016), the Southern Ocean
(Abadie et al., 2017; Tian et al., 2023) and in the southeast
Pacific (John et al., 2018). In the water column, exchange
fluxes between particulate and dissolved phases, including
non-reductive release of dissolved iron from the particles,
have also been proposed in several other studies (Radic et
al., 2011; Abadie et al., 2017; Fitzsimmons et al., 2017; John
et al., 2018). In all cases, at the sediment/seawater interface
and within the water column, the exact processes involved
remain unclear. Desorption and ligand-promoted dissolution
have been suggested (Abadie et al., 2017; John et al., 2018;
Homoky et al., 2021). Additionally, direct comparison of

DFe and total PFe isotopic compositions has inherent limita-
tions, as it does not allow us to study the distinct processes re-
lated to different PFe phases (lithogenic, biogenic, Fe oxyhy-
droxides). Those PFe phases are likely not equally involved
in particulate – dissolved exchanges. Nevertheless, our ana-
lytical approach employs total digestion to guarantee the ab-
sence of artifactual isotopic fractionation. The regional geo-
chemical characteristics establish that excess PFe is predom-
inantly lithogenic (Fig. 6), with excess DFe correspondingly
derived from this source. Although lithogenic iron is con-
ventionally considered refractory, neodymium isotope stud-
ies have shown that lithogenic phases do dissolve, even if
in small proportions (Lacan and Jeandel, 2005; Rousseau
et al., 2015). The excess DFe in the area, from 0.30 to
0.63 nmol kg−1, affects 19.4 Sv (Germineaud et al., 2016).
This leads to a required flux of ∼ 540 g(DFe) s−1. The river-
ine PFe discharge to this area is about 1.2×1011 g(PFe) d−1.
Therefore, the dissolution of only 0.04 % of the PFe dis-
charge would be sufficient to account for the observed DFe
increase. This very low dissolution rate makes it entirely
plausible that the excess DFe originates from the dissolution
of lithogenic PFe.

5.2 Iron sources and biogeochemical dynamics in the
central equatorial Pacific

In the central equatorial Pacific, the data are discussed within
each of the five density layers defined in Sect. 2 in order to
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take into account different water masses and dominant cur-
rents. Western stations are included in the figures solely to
illustrate potential sources to this central Pacific area. To fa-
cilitate interpretation, the δ56Fe color scales are different for
each density layer.

5.2.1 Surface layer, the chlorophyll maximum layer
( < 120 m; < 23.8 kg m−3)

Having both dissolved and particulate iron data in the open
ocean surface layer, far from continental inputs, provides an
opportunity to quantify isotopic fractionation associated with
biological uptake, i.e., consumption of dissolved Fe by phy-
toplankton and its consequent transfer to the particulate pool.
We focus on the chlorophyll maximum layer (found between
10 and 100 m, based on fluorescence data shown in Fig. A2),
also called the deep chlorophyll maximum (DCM), where the
phytoplanktonic contribution to sampled particles is likely to
be large. During the EUCFe cruise, the phytoplankton com-
munity was studied at station 2 at a depth of 10 m (Marchetti
et al., 2010), and in the chlorophyll maximum layer at sta-
tion 2, station 25, and at two other stations lacking iron iso-
tope measurements (0, 165° E and 0, 170° W) (Johnson et al.,
2010). The cyanobacteria Prochlorococcus and Synechococ-
cus dominate this community, followed by small pennate di-
atoms such as C. closterium and N. bicapitata (Johnson et
al., 2010; Marchetti et al., 2010). This observation is consis-
tent with previous studies in this equatorial upwelling region,
which report a predominantly cyanobacteria-based commu-
nity (Chavez et al., 1990; Landry et al., 1996). Unicellular
diazotrophic cyanobacteria were also identified throughout
the cruise, primarily picocyanobacteria, while the larger Tri-
chodesmium was found only in coastal waters (Bonnet et al.,
2009).

PFe can be composed of lithogenic, biogenic, and
chemogenic fractions. Chemogenic particles are formed by
chemical reactions such as Fe oxyhydroxide precipitations
and are frequently referred to as “authigenic”. However, this
term lacks precision as it merely designates material formed
in situ, which could theoretically include biogenic fractions.
Assuming Aluminum (Al) is entirely lithogenic (Murray et
al., 1993; Frank et al., 1995; McManus et al., 1999; Cardinal
et al., 2001; Dammshäuser, 2012), the lithogenic fraction of
the particulate iron, [PFe]lithogenic, is estimated by:

[PFe]lithogenic = [PAl]measured×

(
[PFe]
[PAl]

)
reference material

(3)

where [PAl]measured is the measured particulate Al concen-
tration and [PFe]/[PAl]reference material is the ratio in a ref-
erence lithogenic material. Surface currents in our studied
area are mainly eastward in the western Pacific and west-
ward in the central Pacific. We therefore looked for reference
lithogenic material on both the western and eastern bound-
aries of the Pacific basin. The Fe/Al ratios of igneous rocks
from Papua New Guinea (Tiangang et al., 2024) and of ig-

neous rocks from the Galapagos Islands and the southwest-
ern Andes basins of Peru (Wilson et al., 2022; Ccanccapa-
Cartagena et al., 2023) are equal to 0.502 mol mol−1 and
0.499 mol mol−1 respectively. Given the similarity of these
ratios, we utilized an average value of 0.50 mol mol−1 for all
samples.

In the chlorophyll maximum layer, we found that an aver-
age of 42 % mol mol−1 of particulate iron (PFe) is lithogenic
(Table A3). The remaining 58 % mol mol−1 can be attributed
to biogenic and chemogenic sources. The chemogenic frac-
tion cannot be distinguished and quantified in the present
study (this would have required, for example, direct mea-
surements of phytoplankton stoichiometry and phosphorus),
and there is no known isotopic signature specific to this
chemogenic fraction in the literature (which is essential for
Eq. 4). Because we are looking at samples taken in the
chlorophyll maximum, we will assume in the following that
the chemogenic Fe is negligible. This assumption is sup-
ported by observations reporting minimum chemogenic con-
tribution in the chlorophyll maximum layer (Sofen et al.,
2023) and modelling work estimating that the biogenic frac-
tion dominates in the central equatorial Pacific (Tagliabue et
al., 2023). We also assume that biogenic Fe is entirely phy-
toplanktonic Fe (PFePhyto) and assuming mass conservation,
δ56PFePhyto can be estimated from:

[PFe]Phytoδ
56PFePhyto ≈

[PFe]δ56PFe− [PFe]lithogenic δ
56PFelithogenic (4)

where [PFe] and δ56PFe are the measured particulate Fe
concentration and isotopic composition. The lithogenic PFe
is assumed to be characterized by average crustal signa-
ture δ56PFelithogenic =+0.07± 0.02 ‰ (Poitrasson, 2006).
The estimated isotope compositions of phytoplanktonic PFe
are shown in Fig. 8 and Table A3. δ56PFePhyto varies from
+0.30± 0.12 ‰ to +0.73± 0.17 ‰. Propagation of uncer-
tainties for Fe and Al concentrations and Fe isotopes in both
the samples and the reference material implies uncertainties
for δ56PFePhyto significantly higher than those of our initial
data.

At three stations, the isotope data are available for both
the dissolved and the phytoplanktonic iron. This allows an
estimate of isotope fractionation associated with phytoplank-
ton uptake. Assuming two simple isotopic models, either
an equilibrium fractionation model (implying bidirectional
chemical reactions) or a kinetic fractionation model in which
phytoplankton is the instantaneous product of DFe (imply-
ing unidirectional chemical reactions), the isotopic fractiona-
tion can be calculated, with the same simple equation (Hayes,
2004):

156FePhyto-DFe = δ
56PFePhyto− δ

56DFe (5)

This leads to 156FePhyto-DFe =+0.22± 0.21 ‰ at station 1,
−0.05± 0.14 ‰ at station 13 and +0.15± 0.19 ‰ at sta-
tion 14, with a grand average value of 156FePhyto-DFe =
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Figure 8. From the top to bottom, samples collected in the chlorophyll maximum layer, maps of δ56DFe (‰), δ56PFePhyto (‰), and
the difference between δ56PFePhyto and δ56DFe. Station numbers are displayed next to the colored dots on the map. Main currents are
represented: South Equatorial Current (SEC), North Equatorial CounterCurrent (NECC) and New Guinea Coastal Current (NGCC). In the
bottom right corner, potential temperature (θ , °C) and salinity (S) of EUCFe samples. Samples in this chlorophyll maximum layer are shown
in red. Values are shown in parentheses due to the large range, which limits color scale readability. Their measurement uncertainties can be
found in Sect. 5.2.1 and Table 2. This figure was produced using Ocean Data View (Schlitzer, 2025).

+0.11± 0.28 ‰ (2 SD, n= 3) (Fig. 8 and Table A3). Given
the uncertainties, we cannot conclude that there is isotopic
fractionation associated with biological uptake, but our data
indicate that if it exists, it is small and lies between−0.17 ‰
and +0.39 ‰ (+0.11± 0.28) at a 95 % confidence level.

These results can be compared with previous studies.
Some suggest preferential uptake of light and others of heavy
isotopes. From the same cruise, Radic et al. (2011) found
156FePhyto-DFe=−0.25±0.10 ‰ (2 SD) with one model and
−0.13± 0.11 ‰ (2 SD) with a second model. While the first
model was based solely on DFe data, the second incorpo-
rated PFe data assuming PFe was exclusively phytoplank-
tonic, whereas our results indicate a substantial lithogenic
contribution at the open ocean stations (Table A3). Addi-
tional data and novel methodological approaches have re-
fined these estimates. Off New Zealand, during the annual
spring bloom, Ellwood et al. (2015) estimated an isotopic
fractionation of −0.54 ‰. In that study the isotopic sig-
natures of the particles were used, but not corrected for
their lithogenic fractions, despite proximity to the main-
land, and fractionation uncertainties were not discussed. In
two Antarctic coastal polynyas, preferential uptake of light
isotopes was suggested based on water mass DFe signa-
tures alone (without PFe data), with isotopic fractionation

of−1 ‰ (α = δ56FeBiomass/δ
56FeSeawater = 0.999) (Sieber et

al., 2021) and of −1.8 ‰ to −1 ‰ (α = 0.9982 to 0.9990)
(Tian et al., 2023). However, both studies highlighted the co-
occurrence of multiple mechanisms and, therefore, of sev-
eral isotopic fractionation processes in the surface layer. Ell-
wood et al. (2020) conducted a study using both DFe and
PFe isotope data in a 1-D model, and found isotopic frac-
tionation values for biological uptake ranging from −1 ‰
(in a simplified model considering only biological uptake)
to −0.6 ‰ when using a more sophisticated model repre-
senting additional processes (regeneration, scavenging and
complexation) in a cold-core eddy in the Southern Ocean.
Again, fractionation uncertainties were not discussed in these
three studies. Finally, in the North Atlantic, two studies sug-
gested a positive fractionation (contrasting with the previous
studies) based on water mass DFe signatures (no PFe data)
and without quantification (Conway and John, 2014; Klar
et al., 2018). Culture experiments examining isotopic frac-
tionation by several diatom and a coccolithophore species
(not the dominant species in our samples; Johnson et al.,
2010; Marchetti et al., 2010) revealed “no clear relationship
to species, growth rate, or Fe concentration” for biological
uptake, possibly due to the sensitivity of kinetic isotope ef-
fects (John et al., 2024). During these experiments, biological

Ocean Sci., 22, 791–820, 2026 https://doi.org/10.5194/os-22-791-2026



C. Camin et al.: Iron isotope insights into equatorial Pacific biogeochemistry 807

uptake induced smaller fractionation (−1.3 ‰ to +0.60 ‰,
mean +0.20± 0.38 ‰, 1 SD, n= 62) compared to abiotic
processes (approximately −4 ‰ to +5 ‰). These laboratory
observations align with our in situ observations, although a
comparison is not straightforward because iron acquisition
processes are very different in cyanobacteria (Sutak et al.,
2020). These authors suggested that seawater δ56Fe may not
be greatly impacted by biological uptake (John et al., 2024); a
conclusion consistent with the findings of Lacan et al. (2008),
Radic et al. (2011) and this study.

The differences in biological fractionation probably reflect
variations in phytoplankton community composition, ligand
types (John et al., 2024), regional variability, and method-
ological approaches such as the direct measurement of parti-
cles and the consideration of their phases. Potential iron frac-
tionation during biological uptake, if it occurs, may depend
on numerous parameters, including species-specific iron ac-
quisition processes (Sutak et al., 2020), as well as pH, ligand,
and reductant types, which strongly influence kinetic isotope
effects (John et al., 2024). Our study region is particularly
challenging in this regard, as it is a cyanobacteria-dominated
system where isotopic fractionation processes remain poorly
understood (Mulholland et al., 2015; Swanner et al., 2017).
Iron isotope fractionation by diazotrophic cyanobacteria has
not been investigated, despite these organisms contributing
disproportionately to Fe uptake relative to their numerical
abundance (Lory et al., 2022). The present analysis does not
allow us to draw conclusions regarding a preferential up-
take of heavy or light iron isotopes during biological uptake.
However, our results confirm that this fractionation is small,
likely not larger than a few tenths of a per mil. They align
with a previous study, in the Southern Ocean, where frac-
tionation had a small amplitude, |156FePhyto-DFe|< 0.32 ‰,
with no conclusion about the direction (Lacan et al., 2008),
and culture experiments (John et al., 2024). Our analysis em-
phasizes the importance of taking into account error propa-
gations and lithogenic contributions to the particulate phases,
in the chlorophyll maximum in the open ocean.

5.2.2 Subsurface layer (110–220 m; 23.8–25.6 kg m−3),
upper EUC

The subsurface layer is composed of three water masses: the
South Pacific Tropical Water (SPTW) (stations 3 and 15),
the South Pacific Equatorial Water (SPEW) (stations 2, 14,
21, 22, 23, 24, 25, 28 and 30) and the North Pacific Equa-
torial Water (NPEW) (stations 1 and 26) (Fig. 9). At the
equator, seawater within SPEW is subject to substantial re-
newal as it flows eastward from the western Pacific (140° E)
to the central equatorial Pacific (140° W) (Tsuchiya et al.,
1989; Grenier et al., 2011). This renewal is largely driven
by equatorial upwelling which creates divergence in subsur-
face waters and subsequently generates meridional currents
from both the northern and southern subtropical gyres toward
the equator. These gyres ventilate the upper Equatorial Un-

dercurrent (U-EUC), contributing approximately 9 Sv of the
total 28 Sv contribution at 140° W, accounting for nearly one
third of the upper EUC flow (Grenier et al., 2011).

We observed that δ56DFe values were equal within un-
certainties along the meridional transects between 2° N and
2° S (+0.40 ‰,+0.37 ‰ and+0.28 ‰ at 156° E, 180° E and
140° W, respectively) and similar consistency is observed for
δ56PFe (−0.03 ‰, +0.18 ‰ and +0.28 ‰ at the three same
sections, Fig. 9 and Table 2). This isotopic homogeneity is
consistent with the prevailing ocean circulation in the subsur-
face layer. Zonally, a slight decrease of δ56DFe values and a
slight increase of δ56PFe values were observed eastward.

A comparison of DFe isotopic compositions (δ56DFe) in
EUCFe samples with data from the subtropical gyres pro-
vides further insight. While no data are available for the north
subtropical gyre, this density layer has been documented in
the south subtropical gyre along 170° W (GP19 cruise) at
10° S (Station 19) with δ56DFe=+0.64±0.32 ‰, and at the
equator (Station 21) with δ56DFe=+0.70± 0.35 ‰ (GEO-
TRACES Intermediate Data Product Group, 2025). These
two datapoints are in good agreement. They may appear to
be significantly different from our data (∼ 0.37± 0.1 ‰ at
180° E), however given their uncertainties, they are in rea-
sonable agreement. They do not help explain the slight east-
ward decrease of δ56DFe along the equator described above.

Overall, despites small variations, these observations sug-
gest a relatively wide isotopic homogeneity at subsurface
depths (110–220 m) likely driven by equatorial upwelling
and the subsequent meridional transport of seawater.

5.2.3 Lower part of EUC: Central Waters (170–320 m;
25.6–26.55 kg m−3)

The density layer between 25.6 and 26.55 kg m−3 is com-
posed of two water masses: the Western South Pacific Central
Water (WSPCW) (stations 1, 2, 3, 14, 15, 22, 23, 25, 28) and
the North Pacific Central Water (NPCW) (stations 13, 21, 26)
(Fig. 2). WSPCW is characterized by a salinity maximum of
central waters while NPCW represents a salinity minimum.
The lower part of the EUC (L-EUC) is located in this den-
sity layer (Fig. 10). This current is of particular importance,
since it is the major vector for Fe transport along the equa-
tor from the western to the eastern Pacific. The lower EUC
is not significantly influenced by the equatorial upwelling in
the western equatorial Pacific, and water mostly originates
from the PNG region (Grenier et al., 2011).

Along the equator, at stations 25, 22, 14 and 2, samples
have similar DFe isotopic composition (around +0.36 ‰),
highlighting the lack of significant additional Fe sources to
the lower EUC (Tsuchiya et al., 1989; Radic et al., 2011).
δ56DFe values are equal within uncertainties (Fig. 10 and Ta-
ble 2). This suggests that the δ56DFe signature is maintained
over long distances within the EUC, a pattern previously re-
ported by Radic et al. (2011) at two stations, and here con-
firmed as far east as 140° W. In contrast, δ56PFe cannot be
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Figure 9. Map of dissolved (δ56DFe) and particulate (δ56PFe) iron isotopes for samples with potential densities between 23.8 and
25.6 kg m−3. Station numbers are displayed next to the colored dots. Main currents are represented: the upper Equatorial Undercurrent
(U-EUC), the South Equatorial Current (SEC), the New Guinea Coastal Undercurrent (NGCU) and the New Ireland Coastal Undercurrent
(NICU). In the bottom right corner, potential temperature (θ , °C) and salinity (S) of EUCFe samples. Samples in this density layer are shown
in red. This figure was produced using Ocean Data View (Schlitzer, 2025).

Figure 10. Map of dissolved (δ56DFe) and particulate (δ56PFe) iron isotopes for samples with potential densities between 25.6 and
26.55 kg m−3. Station numbers are displayed next to the colored dots. Main currents are represented: the lower Equatorial Undercurrent
(L-EUC), the North and South Subsurface Countercurrents (NSCC and SSCC), the North and South Equatorial Current (NEC and SEC),
the New Guinea Coastal Undercurrent (NGCU) and the New Ireland Coastal Undercurrent (NICU). In the bottom right corner, potential
temperature (θ , °C) and salinity (S) of EUCFe samples. Samples in this density layer are shown in red. This figure was produced using
Ocean Data View (Schlitzer, 2025).

evaluated at station 2 due to missing PFe data, and values
from stations 22 and 14 displayed significantly different val-
ues. These findings confirm the central role of the EUC for
DFe transport across the Pacific. While earlier studies based
on Fe concentrations suggested such transport (Slemons et
al., 2012), isotopic data now confirm this conclusion and the
fact that dissolved iron isotopic signature may be preserved,
in over more than 7800 km (from station 25 to station 2).
Long distance preservation of δ56DFe signature has been un-

derlined before for deeper layers, notably in the North Pacific
and eastern Pacific with Fe transport from sedimentary and
hydrothermal sources (Fitzsimmons et al., 2017; John et al.,
2018; Sieber et al., 2024). Such a long distance of preserva-
tion of the δ56DFe signature had never been observed before.

Samples from stations 1 and 3 differ significantly from the
other samples. They are characterized by negative dissolved
iron isotopic compositions (−0.19 ‰ and−0.06 ‰) (Fig. 10
and Table 2). They are characterized by oxygen concentra-
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Figure 11. Map of dissolved (δ56DFe) and particulate (δ56PFe) iron isotopes for samples with potential densities between 26.55 and
26.9 kg m−3. Station numbers are displayed next to the colored dots. Main currents are represented: the Equatorial Intermediate Current
(EIC), the North and South Equatorial Current (NEC and SEC), and the New Guinea Coastal Undercurrent (NGCU). In the bottom right
corner, potential temperature (θ , °C) and salinity (S) of EUCFe samples. Samples in this density layer are shown in red. This figure was
produced using Ocean Data View (Schlitzer, 2025).

tions which are notably lower than those typically found in
the core of the EUC (43 and 25 µmol kg−1, compared to typ-
ical values around 130 µmol kg−1). The currents supplying
these stations, the SEC and NEC, originate from the east.
These three observations support the conclusion that their
Fe content may originate, at least partially, from the Califor-
nian and/or Peruvian oxygen minimum zones (OMZ). Those
have been documented before, with negative or zero δ56DFe
values in the Californian OMZ (John et al., 2012), and DFe
concentrations and isotopic compositions, around 1 nM and
−0.5 ‰, observed around 12° S near the Peruvian coast (85
to 80° W) during the GP16 cruise (John et al., 2018). As
above, this suggests a δ56DFe signature preservation over
long distances, on the order of 6400 km.

In the density layer of the lower EUC, iron isotopes reveal
the presence of two distinct Fe sources in the central Pacific,
lithogenic inputs from Papua New Guinea transported within
the EUC, and also a likely additional eastern source from the
eastern Pacific oxygen minimum zones.

5.2.4 South Antarctic Mode Water and Lower Central
Waters (340–480 m; 26.55–26.9 kg m−3)

The density layer between 26.55 and 26.9 kg m−3 is com-
posed of two water masses: the South Antarctic Mode Water
(SAMW) (stations 22, 24, 25) and the Western South Pacific
Central Water (WSPCW) (stations 1, 2, 3, 13, 14, 26, 30). In
contrast to the shallower density layers, where currents pre-
dominantly flow eastward, this deeper layer exhibits west-
ward currents (Fig. 11).

DFe isotopic compositions at stations 1, 2, 3, 13 and 14
were variable: negative or near zero δ56DFe at stations 1,

2 and 14 (between −0.22 ‰ and +0.01 ‰) and positive
δ56DFe at stations 3 and 13 (+0.14 ‰ and+0.35 ‰) (Fig. 11
and Table 2). δ56DFe values increased westward from station
1 (−0.22± 0.09 ‰) to station 13 (+0.35± 0.07 ‰) and from
station 2 (-0.10± 0.07 ‰) to station 14 (+0.01± 0.07 ‰).
This westward increase in δ56DFe follows the predom-
inant direction of zonal currents. It is consistent with
data from GP19 at 170° W at the equatorial station 21
(−0.07± 0.05 ‰, depth of 469 m) (GEOTRACES Interme-
diate Data Product Group, 2025). In contrast, δ56PFe values
at stations 1, 13, and 14 were indistinguishable from one an-
other and similar to the UCC reference value. Samples from
stations 1, 2, 3, 13 and 14 exhibited low oxygen concentra-
tions (< 64 µmol kg−1). In contrast, samples from the west-
ern equatorial Pacific (stations 22, 24, 25, 26 and 30) had
oxygen concentrations ranging from 101 to 162 µmol kg−1.

These isotopic and oxygen observations suggest an Fe
source from the eastern Pacific oxygen minimum zones
(OMZ) and a progressive decline in the influence of east-
ern Pacific waters with the increase of δ56DFe westward. It
is consistent with our understanding of large-scale circula-
tion patterns at these depths across the Pacific basin, and with
the signatures of these areas as described above (John et al.,
2012, 2018). In contrast, particulate data were indistinguish-
able from those of the UCC all along the EUCFe cruise and
therefore do not reflect hydrodynamic structures.

5.2.5 Intermediate Waters (SEqIW and AAIW)
(720–1000 m; 27.1–27.4 kg m−3)

The density layer between 27.1 and 27.4 kg m−3 is composed
of two intermediate water masses: the South Equatorial Inter-
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Figure 12. Map of dissolved (δ56DFe) and particulate (δ56PFe) iron isotopes for samples with potential densities between 27.1 and
27.4 kg m−3. Station numbers are displayed next to the colored dots. Main currents are represented: the Equatorial Intermediate Current
(EIC), the North and South Subsurface Countercurrents (NSCC and SSCC), and the New Guinea Coastal Undercurrent (NGCU). In the
bottom right corner, potential temperature (θ , °C) and salinity (S) of EUCFe samples. Samples in this density layer are shown in red. This
figure was produced using Ocean Data View (Schlitzer, 2025).

mediate Water (SeqIW) (stations 1, 2, 3, 13, 14, 15, 25) and
the Antarctic Intermediate Water (AAIW) (stations 24, 28,
30) (Fig. 12). In this layer, the Equatorial Intermediate Cur-
rent (EIC), a westward current, is surrounded by two east-
ward currents, the North and South Subsurface Countercur-
rents (NSCC and SSCC). The water of the EIC is sheared be-
tween the NSCC and SSCC currents at about 2° N and 2° S,
causing mixing of water brought in by different currents.

Along the equator, a uniform δ56DFe signature was ob-
served between stations 2, 14 and 25, around +0.15 ‰.
North and south of it, in the NSCC and the SSCC, the δ56DFe
signatures were significantly heavier, around +0.32 ‰ and
+0.34 ‰ respectively, and did not vary significantly zonally.
This is consistent with the hydrodynamic structure (west-
ward flowing EIC at the Equator and eastward flowing NSCC
and SSCC at 2° N and 2° S) and may also reflect slightly
lighter signatures originating from the eastern Pacific com-
pared to the western Pacific. In contrast, no such consistency
was observed for the δ56PFe values.
δ56DFe of the AAIW and SeqIW from this study are com-

pared with data from the South Pacific, GPpr11 (in the South-
ern Ocean, south of Australia) and GP16 cruises (John et al.,
2018; Ellwood et al., 2020) in Fig. 13. The EUCFe AAIW
signature (sampled at the western stations 24, 28 and 30 only)
fell within the range of data previously reported, but with
less variability (from +0.06 ‰ to +0.44 ‰, with an average
of +0.28 ‰). As explained previously this likely reflects the
impact of particulate – dissolved exchange and non-reductive
dissolution processes which buffer the isotopic signature of
this water mass toward about +0.3 ‰, in the PNG area.

The SEqIW (sampled at stations 1, 2, 3, 13, 14, 15, and
25) results from the mixing between the AAIW and the Pa-

Figure 13. Comparison of δ56DFe values in different water masses:
the SEqIW sampled during EUCFe cruise (this study), the AAIW
sampled during EUCFe (this study) and GPpr11 cruises (Ellwood
et al., 2020) and the PDW sampled during GP16 cruise (John et al.,
2018).

cific Deep Water (PDW). Its signatures fall within the range
observed for those waters masses in previous studies, but
they fall in the heavy range of those values and again have
a smaller variability (from +0.11 ‰ to +0.40 ‰, average
value of +0.24 ‰). This confirms (1) the large contribution
of AAIW to the iron content of SEqIW and the fact that
AAIW transits from the South through the PNG area and
notably Vitiaz Strait before spreading in the equatorial band
(Tomczak and Godfrey, 2003; Bostock et al., 2010), and (2)
that the PDW contributing to the SEqIW reaches the Equato-
rial band with minor contribution from eastern Pacific OMZ
derived iron, characterized by light isotopic signatures (John
et al., 2018).
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6 Conclusions

The main conclusions resulting from this study of concentra-
tions and isotope compositions for iron in the upper 1000 m
of the water column between 140° E and 140° W are shown
in Fig. 14.

The goal of the EUCFe cruise was to determine the distri-
bution of Fe along the equator between Papua New Guinea
(PNG) and 140° W and to investigate the role of the Equa-
torial Undercurrent (EUC) in the Fe supply to the central
equatorial Pacific. This study reports seawater Fe concen-
trations and isotopic compositions (δ56Fe) in both the dis-
solved (DFe) and particulate (PFe) phases. By adding data
from 11 additional stations, this work significantly enriches
the data previously published from four stations on the same
cruise (Radic et al., 2011; Labatut et al., 2014) and intro-
duces a novel suggestion about an iron source from the east-
ern Pacific OMZ. The isotopic compositions ranged from
−0.25 ‰ to +0.79 ‰ for dissolved iron and from −0.56 ‰
to +0.48 ‰ for particulate iron. Two distinct groups of sta-
tions were identified on the basis of Fe concentrations: west-
ern Pacific stations displaying PFe and DFe concentrations
approximately seven times and twice larger than typical open
ocean concentrations, respectively (stations 21, 22, 23, 24,
25, 26, 28, and 30, all located within 1200 km of the Papua
New Guinea coast) and central Pacific open ocean stations,
with PFe and DFe typical of the open ocean (stations 1, 2, 3,
7, 13, 14, and 15).

In the western equatorial Pacific, a large predominance
of PFe concentrations over that of DFe was observed
(80 % mol mol−1 PFe compared to total Fe, on average).
The isotope signature of PFe approached that of the UCC
confirming the major influence of previously documented
lithogenic inputs from PNG in this area (Milliman et al.,
1999; Slemons et al., 2012). At two stations, distinctly light
δ56DFe and δ56PFe signatures suggested local hydrothermal
inputs. At all stations of this western area, a systematic pos-
itive difference between δ56DFe and δ56PFe was observed,
156FeDFe−PFe=+0.27± 0.32 ‰ (2 SD, n= 27). This is in-
terpreted as the result of equilibrium isotopic fractionation, in
other words the co-occurrence of chemical fluxes from both
phases toward the other. This probably reflects processes
similar to the reversible scavenging process proposed for Th
or REE (Bacon and Anderson, 1982; Nozaki et al., 1987;
Nozaki and Alibo, 2003), as previously proposed (Abadie
et al., 2017). Desorption and/or ligand-promoted dissolution
are potential mechanisms, though the exact processes in-
volved remain unclear (Abadie et al., 2017; Homoky et al.,
2021). Isotopic signatures suggest that Fe is primarily re-
leased via non-reductive release of dissolved Fe from sus-
pended particles and/or oxic sediment. New data from 11 ad-
ditional stations demonstrate that this process extends up to
1200 km from the Papua New Guinea coast.

In the open ocean, between 180° E and 140° W, data from
the chlorophyll maximum layer were used to estimate iso-

topic fractionation associated with phytoplankton uptake.
Our data suggest that isotopic fractionation during phyto-
plankton uptake is small, on the order of a few tenths of
per mil. Estimates of fractionation due to biological up-
take must include consideration of phytoplankton compo-
sition, dominated here by cyanobacteria. Just below this
layer, within the upper EUC, δ56Fe values remain homo-
geneous across a broad region spanning 2° N to 2° S and
156° E to 140° W, consistent with equatorial upwelling and
meridional Fe inputs. In the lower EUC, a DFe isotopic sig-
nature of ∼+0.36 ‰, from Papua New Guinea eastward
to at least 140° W, confirms the origin of the DFe carried
within this current toward the HNLC area. However, an ad-
ditional Fe source was identified bordering the lower EUC
at 2° N and 2° S likely originating from the oxygen min-
imum zones (OMZ) of the eastern Pacific. This OMZ Fe
source appears to be also traced deeper within central waters
(200–500 m depth). The preservation of distinct Fe isotopic
signatures over unprecedented long distances, 7800 km, is a
key observation of this study. Finally, the limited variability
of the δ56DFe signatures in intermediate waters, averaging
+0.24 ‰, confirms the major influence of AAIW transiting
through the PNG area in the intermediate waters in the EU-
CFe area.

In conclusion, this study demonstrates the substantial in-
fluence of lithogenic inputs along ocean margins, where
the water column (at least down to 1000 m) is affected by
equilibrium fractionation between dissolved and particulate
phases. It suggests the significance of non-reductive pro-
cesses releasing dissolved iron from particulate iron. This
non-reductive dissolution (NRD), occurs either at the sedi-
ment/seawater interface (i.e., external sources), or within the
water column (i.e., internal processes). This highlights the
need for a better understanding of these non-reductive DFe–
PFe interactions, through in situ explorations, experimental
work and biogeochemical modelling. Such processes likely
influence the biogeochemical cycling of multiple elements.
This study allowed identification of long-distance iron trans-
port by ocean currents from an ocean margin and clarified
the key role of the Equatorial Undercurrent (EUC). Finally,
it suggested minor fractionation associated to phytoplankton
uptake.
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Figure 14. Illustration of Fe transport and transformation along the EUCFe cruise along the equator from the surface to 1000 m depth. OMZ
stands for oxygen minimum zone and NRD for non-reductive dissolution.

Appendix A

Table A1. Sensitivity tests for different scenarios. Mean PFe concentration, Flux PFeSWout, the required external sources flux, Flux PFeaerosol
and Flux PFeriverine contribution to required external sources (% g g−1) according to different calculation methods. Go-Flo replicates are
duplicate samples taken at sea, from the same cast.

Go-Flo bottle replicates
considered separately

and with the highest
value

(29.45 nmol kg−1)

Go-Flo bottle replicates
considered separately

and without the highest
value

(29.45 nmol kg−1)

Go-Flo bottle replicates
averaged and with the

highest value
(29.45 nmol kg−1)

Go-Flo bottle replicates
averaged and without

the highest value
(29.45 nmol kg−1)

Mean PFe concentration
(nmol kg−1)

3.6± 4.8 (1 SD) 2.9± 2.3 (1 SD) 3.8± 5.0 (1 SD) 3.0± 2.5 (1 SD)

Flux PFeSWout
(106 g d−1)

337.9 272.2 356.7 281.6

Required external
sources flux: Flux
PFeSWout−Flux
PFeSWin (106 g d−1)

323.5 257.8 342.2 267.1

Aerosol PFe flux
contribution to required
external sources
(% g g−1)

82.9 104.0 78.3 100.3

Riverine PFe flux
contribution to required
external sources
(% g g−1)

37 099.0 46 556.2 35 064.0 44 920.3
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Table A2. Daily precipitation rates (mm d−1) over the entire region considered in the box model (133° E–177° W, 9° S–15° N) from 20 to 30
September 2006. The data was obtained from Nasa Giovanni data product TRMM (3B42 Daily v7) (https://giovanni.gsfc.nasa.gov/giovanni/,
last access: 30 December 2025).

Date Precipitation Rate (TRMM 3B42 Daily v7) access in December 2025
from Nasa Giovanni data product TRMM (mm d−1)

20 September 2006 7.5
21 September 2006 7.7
22 September 2006 10.6
23 September 2006 8.3
24 September 2006 10.2
25 September 2006 9.0
26 September 2006 11.4
27 September 2006 13.9
28 September 2006 14.4
29 September 2006 16.5
30 September 2006 16.0

Average value 11.4± 6.6 (2 SD)

Figure A1. Fraction of particulate Fe (PFe) relative to total Fe (TFe) (% mol mol−1) in the western and central equatorial Pacific.
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Figure A2. EUCFe cruise fluorescence profiles and sampling depth. Note that the fluorescence profiles were measured in the closest (in time)
Niskin rosette cast at the same station. Samples chosen as representative of the chlorophyll maximum are shown by the (←) symbol.

Table A3. Concentrations of particulate Fe and Al, dissolved Fe isotopic composition, estimated fractions of particulate phytoplank-
tonic and lithogenic Fe, isotopic composition of phytoplanktonic particulate Fe and the isotopic fractionation during biological uptake
(156FePhyto-DFe) in the chlorophyll maximum layer. Uncertainties are reported as 95 % confidence levels. Relative uncertainties for Fe and
Al concentrations are 4.3 % (95 % confidence level).

Station Depth PFetotal δ56DFe PAl PFelithogenic PFePhyto δ56PFePhyto 156FePhyto-DFe
(m) (nmol kg−1) (‰) (nmol kg−1) (% mol mol−1) (% mol mol−1) (‰) (‰)

Station 1 48 0.43 +0.32± 0.07 0.53 61.7 38.3 +0.54± 0.19 +0.22± 0.21
Station 2 49 – +0.14± 0.09 6.65 – – – –
Station 3 59 – +0.31± 0.07 0.67 – – – –
Station 7 75 0.55 – 0.53 49.0 51.0 +0.36± 0.14 –
Station 13 79 0.49 +0.35± 0.07 0.15 15.2 84.8 +0.30± 0.12 −0.05± 0.14
Station 14 98 0.43 +0.58± 0.07 0.39 45.2 54.8 +0.73± 0.17 +0.15± 0.19
Station 15 75 0.27 – 0.22 40.4 59.6 +0.46± 0.12 –
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