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Biological production and ecosystem structure in the central equatorial Pacific are limited by iron. The pri-
mary source of the iron appears to be from western island sources transported eastward by the equatorial
undercurrent (EUC). In order to assess this hypothesis water column samples from 15 m to 1000 m from
the central and western equatorial Pacific and from the northeastern coastal margin of New Guinea and
New Ireland were analyzed for total particulate Fe, Al and Mn. These new data were compared with previ-
ously published data for dissolved and total dissolvable Fe, Al and Mn. Leachable and refractory Fe, Al and
Mn were calculated. There were large zonal gradients for all three particulate metals near the depth of
the Pacific EUC. The subsurface maxima were highest in the west (145°E) and decreased significantly to
140°W for all species except PMn. The maxima in all three particulate metals were at the same depth
along the equatorial transect. The PFe and PAl concentrations were much higher along the NE coast of
Papua New Guinea and New Ireland but there were no maxima associated with the New Guinea Coastal Un-
dercurrent (NGCU), although PFe appeared to have a maximum in the New Ireland Coastal Undercurrent
(NICU). The distributions of PMn in the western source region differed from the other two metals and the
equatorial PMn maxima west of the dateline had higher concentrations than in the NGCU. There were sig-
nificant correlations between PFe and PAl in both the coastal and equatorial stations. The correlations with
PMn were variable suggesting that PMnmay have different sources. In all samples the leachable particulate
fraction increased from AlbFebMn. There were maxima in nonleachable, refractory PFeref and PAlref in the
NGCU and NICU not seen in the PFe and PAl data. The molar ratios of PFe:PAl (0.41), and especially Mn:Al
(0.008), were slightly higher than ratios for suspended matter from the Sepik River (0.34–0.39 for Fe:Al
and 0.005 for Mn:Al) suggesting additional continental margin sources of Fe and Mn. The primary source
of PFe and PAl appeared to be material of riverine origin from the continental margin of Papua New Guinea
and New Ireland. To understand how a particulate ironmaximum could be maintained at a constant density
across the equatorial Pacific we applied a simple model where the zonal decrease in leachable particulate
iron (LPFe) was due to iron loss due to remineralization and loss due to particle sinking. Using a sinking
rate for 1-μm sized particles of 0.086 md−1, an extremely low remineralization rate of 0.006 d−1 would
be necessary to produce the observed gradient.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

A major advance in our understanding of the marine iron cycle
over the past 10 years (Breitbarth et al., 2010) has been the recogni-
tion of the significant role of coastal sources of trace elements in
ocean trace metal budgets (e.g. Elrod et al., 2004; Lam and Bishop,
2008; Cullen et al., 2009; Slemons et al., 2010; Jeandel et al., 2011).
Mechanisms for trace metal supply from coastal regions include riv-
erine input (Sholkovitz et al., 1999; Laglera and van den Berg, 2009),
diagenetic remobilization from slope sediment (Laës, et al., 2007;

Nishioka et al., 2007; Hurst et al., 2010; Severmann et al., 2010)
and physical resuspension in currents or eddies (Johnson et al.,
2005; Lam and Bishop, 2008). The flux of coastally derived trace ele-
ments to the open ocean appears to be facilitated by advection in
strong currents such as the Antarctic circumpolar current (Loscher
et al., 1997) and the equatorial undercurrent (EUC) (Mackey et al.,
2002a; Slemons et al., 2010). Transport in the EUC makes the west-
ern equatorial Pacific a critical place to investigate the magnitude
of coastal iron sources.

Growth of small and large phytoplankton in the eastern equatori-
al Pacific high-nitrate low-chlorophyll (HNLC) region is iron-limited
(Martin et al., 1991; Murray et al., 1994; Landry et al., 1997; Loukos
et al., 1997). The primary supply of iron, as well as new macronutri-
ents, to the euphotic zone is upwelling (Gordon et al., 1997). Easterly
winds maintain an eastward pressure gradient that drives the
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equatorial undercurrent (EUC) (Philander, 1990). Extratropical
source waters feed the EUC via low-latitude western boundary cur-
rents (LLWBC), including the Mindanao Current from the north,
and the New Guinea Coastal Undercurrent (NGCU), New Ireland
Coastal Undercurrent (NICU), and Saint Georges Undercurrent
(SGU) from the south (Tsuchiya et al., 1989; Fine et al., 1994; Butt
and Lindstrom, 1994). The southern low-latitude western boundary
currents carry high-salinity South Pacific tropical water equatorward
and supply more than half of the source water to the EUC (Tsuchiya
et al., 1989; Butt and Lindstrom, 1994; Rodgers et al., 1999;
Slemons et al., 2010). Enroute, they travel along the coasts of moun-
tainous tropical islands such as Papua New Guinea and New Ireland,
which receive large amounts of rain year-round, have high topo-
graphic relief and are composed of easily erodible rocks (Milliman,
et al., 1999). Six oceanic islands, composing about 2% of the global
land area, are estimated to supply about 20–25% of the total sedi-
ment discharge to the ocean (Milliman et al., 1999).

The EUC transports more than 30 Sv (106 m3 s−1) in the eastern
equatorial Pacific, a volume flux 50 times that of the combined flux
of the world's 20 largest rivers. This subsurface “conveyer belt”
(Toggweiler and Carson, 1995) appears to be an ideal transport path-
way for trace elements from the western ocean margins to the central
Pacific. Average zonal velocities in the EUC in the central Pacific ex-
ceed 1 m s−1 and it takes less than a year for water moving at that
speed to travel from the confluence of the NGCU to 110°W, even dur-
ing an El Niño event (Johnson et al., 2002; Ryan et al., 2006). We are
not aware of transit time estimates for water in the equatorial
thermostad, which flows at a slower rate than the core of the EUC.
During our cruise, the average eastward velocity in the thermostad
(σθ=25.5–26.5 kg m−3) was 0.3 m s−1 between 145°E and 155°W.
This would result in a transit time of 293 days between 145°E and
155°W, but this estimate is uncertain both because it was estimated
from a single transect and different layers within the thermostad
move at different speeds. Thus, even rapidly scavenged trace metals
might be transported great distances in the upper water column.

The potential role of the EUC as the primary source of iron to the
eastern equatorial Pacific was first proposed by Gordon et al. (1997)
based on Fe, Al, and Mn profiles in the central equatorial Pacific at
140°W. They suggested a lithogenic or hydrothermal source from
the Papua New Guinea platform to the EUC, although the dissolved
iron maximum they observed was actually below the core of the
EUC. Lacan and Jeandel (2001) found radiogenic enrichment of the
Nd isotopic composition of the EUC subpycnocline (thermostad) at
140°W, but their EUC data was also limited to the central equatorial
Pacific. In thewestern equatorial source region, Mackey et al. (2002a,
b) found elevated concentrations of total acid soluble Fe, Mn and
other trace elements off the coast of Papua New Guinea and in the
EUC between 143°E and 155°E. Mackey et al. (2002a, b) proposed
riverine inputs of Fe and riverine and trapped particulate Mn from
sinking surface input. Based on measurements of dissolved and par-
ticulate δ56Fe, Radic et al. (2011) concluded that resuspension of
New Guinea margin sediments and non-reductive dissolution were
the main sources of particulate and dissolved Fe to the EUC.

Our 2006 EUCFe cruise was the first to conduct trace element
sampling to link the western source region to the central equatorial
Pacific. Slemons et al. (2010) described the dissolved and total acid
soluble Fe, Al, and Mn distributions off the coast of Papua New Guinea
and along the equator. They showed there are subsurface maxima in
total acid soluble Fe and Mn just below the core of the EUC in the
equatorial thermostad while the maxima of total acid soluble Al cor-
related strongly with the velocity core of the EUC.

Here we present new water-column data for total particulate Fe,
Mn, and Al from the surface to 1000 m from two southern EUC end
members and along the equator from 145°E to 140°W. We also pres-
ent data for total dissolvable (i.e., total acid soluble) metals from a
station in the New Ireland Coastal Undercurrent not included in

Slemons et al. (2010). These data complement and extend the in-
vestigation of a continental margin source. We use these data to
evaluate the constraints and remaining uncertainties of the supply
of trace elements to the equatorial thermocline (EUC core) and
thermostad (lower EUC).

2. Samples and methods

2.1. Sample collection

Stations occupied during research cruise 0625 of the R/V Kilo
Moana, including those along the Papua New Guinea and New Ire-
land coasts, are shown in Fig. 1. These included a zonal section of sta-
tions along the equator from 145°E to 140°W. Seawater samples
were collected in acid washed 10 L GO-FLO bottles mounted on a
trace metal clean rosette as described in Slemons et al. (2010).
Water samples were drawn in a plastic enclosure constructed within
an aft shipboard laboratory. Total acid soluble metal (TDMe) samples
were collected as unfiltered samples drawn directly from individual
GO-FLO bottles. Dissolved metals (DMe) were collected upon pas-
sage of the water from the GO-FLO through Nuclepore® 47 mm
0.4 μm polycarbonate filters mounted in Teflon filter holders. DMe
samples were collected after ≥1 L of seawater had flushed the filter.
All samples for TDMe and DMe were stored in acid-cleaned bottles
(low-density polyethylene for Fe, polymethyl pentane for Al, and
acid-soaked low-density polyethylene I-Chem bottles for Mn). Sam-
ples were acidified with 4 ml of quartz distilled 6 N HCl to 0.024 M
HCl (pHb2) for ≥24 h prior to analysis. Particulate metal (PMe)
samples were collected onto the polycarbonate filters by continued
passage of seawater through the filters. We define leachable particu-
late metals (LPMe) as the difference between TDMe and DMe and re-
fractory PMe (PMeref) as the difference between PMe and LPMe
(Table 1). To increase the through put of water through the filters,
the GO-FLO bottles were connected to filtered compressed air. Filtra-
tion volumes varied from 2.7 to 10.5 L, with an average of 8.1 L. Fil-
ters were rinsed lightly with pH-8 deionized-water, dried in a
laminar flow hood on plastic screens and stored flat in clean polycar-
bonate Petri dishes until acid digestions and analyses were con-
ducted at the University of Washington, School of Oceanography.
Nuclepore® polycarbonate filters were selected due to their low
trace element blank (Yigiterhan et al., 2011). Filters were pre-
cleaned by an initial soak in 1.2 MHCl in a warm (~60 °C oven) over-
night, followed by an intermediate 20 min soak in deionized water
to allow acid to diffuse out of the filter. A final acid soak in 0.1 M
HCl was carried out for 2–7 days in a warm oven followed by a de-
ionized water rinse.

2.2. Analytical methods

Total acid soluble (TDMetal: TDFe, TDAl, TDMn) and dissolved
metals (DMetal: DFe, DAl, DMn) were analyzed using flow injection
analyses (FIA) as described in Slemons et al. (2010). Iron samples
were adjusted to a pH between 3.0 and 3.6 and reoxidized with
H2O2 prior to analysis by FIA with luminol chemiluminescence de-
tection (Obata et al., 1993; Johnson et al., 2003). The Fe detection
limit was 0.05 nM using a 4-minute sample load time. Precision, cal-
culated from ten field duplicates across a concentration range of
0.35–4.0 nM Fe, was less than 5%, including duplicates measured
months apart. Aluminum was determined by FIA using inline pre-
concentration with fluorescence detection. The limit of detection
for Al was 0.15 nM with a precision of 3.5% (Resing and Measures,
1994). Manganese was measured by FIA using inline preconcen-
tration and spectrophotometric detection (Resing and Mottl, 1992).
The limit of detection was 0.050 nM and precision, based on repli-
cates during the cruise, was 3.0%.
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Acid digestion of the filters was carried out following the methods of
Murray and Leinen (1993), Breckel et al. (2005), Yiğiterhan and Murray
(2008) and Yigiterhan et al. (2011). Filters were digested in
acid-cleaned high pressure Teflon bombs in a strong acid solution
of 4 ml trace metal grade 23 M HF, 1 ml quartz-distilled 16 M
HNO3 and 1 ml quartz-distilled 6 M HCl. Digestions were carried
out in a commercial 1200-Watt microwave. Reagent grade hydrogen
peroxide (Fisher) was added at the end of digestion to oxidize any
remaining organic matter. After evaporation to a small volume,
10 ml of 0.15 M HNO3 was added to the digested filters, so final
volumes were slightly greater than 10 ml. Digests were not brought

to volume in a volumetric flask to minimize contamination. Final
volumes were corrected using Cs added as a yield tracer.

Samples were analyzed by graphite furnace atomic absorption spec-
trometry (GFAAS) using either a Hitachi Z-9000 AAS or Perkin-Elmer
AAS. All Aluminum samples were analyzed using the Perkin-Elmer
AAS because of its better sensitivity for Al. All manganese samples
were analyzed using the Hitachi Z-9000 AAS. Iron samples were ana-
lyzed on both instruments. Blanks, which included filter, acid and
H2O2, were usually 1% to 2% of the analytical signal for the samples (al-
ways less than 10%). All particulate concentrations reported here were
blank corrected. Yiğiterhan and Murray (2008) reported precisions of

Fig. 1. Chart of the stations occupied during R/V Kilo Moana research cruise 0625 (EUCFe) from Honolulu, HI to Rabaul, Papua New Guinea. The region around Papua New Guinea
and the Bismark Sea are expanded in the lower portion.

Table 1
Analytical trace element partitions. Partitions shown in bold typeface are those that were measured directly. Normal typeface partitions were calculated.

Partition Nomenclature Filtration Treatment Description Metal species in partition

Dissolved DMetal 0.4 μm filtered pH 2, >24 h. Amount of metal that passes through filter Soluble+colloidal
Total acid
soluble

TDMetal Unfiltered pH 2, >24 h. Amount of metal in whole water sample
after acidification

“Dissolved”+adsorbed cations, carbonate phases,
some oxyhydroxides

Particulate PMetal 0.4 μm retentate Bomb digestion Amount of metal retained by filter >0.4 μm, acid soluble+refractory
Leachable LPMetal TDMetal−DMetal Adsorbed cations, carbonate phases, POM, metal

oxyhydroxides
Refractory PMetalref PMetal−LPMetal Refractory
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about 5% for Al, Fe, andMn and averagemeasured values of certified ref-
erence standardswere within 90–95% confidence limits using the same
method and laboratory. Appendix A is a comprehensive table that in-
cludes all trace element data for dissolved, total dissolvable and total
particulate Fe, Al and Mn presented here and in Slemons et al. (2010).

3. Results

3.1. Low latitude western boundary current regions

Underway ADCP data along a cross-slope transect of the coast of
New Ireland indicated that the New Ireland Coastal Undercurrent
(NICU) bifurcated along the coast into weaker and stronger along-
shore subsurface currents Slemons et al. (2010). The weaker NICU
branch (sampled at Station 24) was shoreward of the stronger
NICU branch. The subsurface salinity maximum was used as a
proxy for the core of the NICU. The salinity maximum extended
from ~100 m–275 m, with a maximum at ~150 m. Total dissolvable
(TDMetal), dissolved (DMetal) (left panel) and particulate (PMetal)
(right panel) concentrations and salinity for Station 24 are shown in
Fig. 2. Note the scale difference between the TDMn and PMn panels.
There were surface maxima in TDMn and TDAl (both almost entirely
dissolved), but not for TDFe, PFe, PMn, and PAl. There was a large en-
richment within the coastal branch of the NICU of DAl, TDAl, and
TDFe showing a layered pattern of coincident local maxima. The
TDFe, TDAl, and DAl maxima were at 225 m with smaller maxima
in TDFe and TDAl at 150 m. The TDFe and TDAl maxima at 225 m
were greater than any TDFe and TDAl measurement within the
NGCU (Slemons et al., 2010). TDMn had local maxima at similar
depths (175 m and 225 m). Broad maxima in PMn and PFe were
measured between 75 and 175 m. Local maxima in PAl and PFe
were at the same depth (225 m) as the TDAl and TDFe maxima and
local TDMn maxima. The magnitudes of the PAl and PFe maxima

were greater than the difference between total acid soluble and
dissolved Al and Fe concentrations, respectively, resulting from dif-
ferent extraction techniques. The leachable particulate fraction
(LPMe=TDMe−DMe; Table 1), likely includes amorphous metal
oxyhydroxides, adsorbed cations, carbonates and particulate organic
metals. The PMe measurements include a refractory portion (PMeref=
PMe−LPMe; Table 1). These partitions will be discussed further below.

Profiles of particulate metals off the coast of New Guinea are
shown in Fig. 3. The NGCU, which was between 100 and 400 m,
was not clearly resolved with shipboard ADCP data Slemons et al.
(2010), thus we used salinity as an integrative tracer of the NGCU.
The concentrations of PAl, PFe, and PMn were elevated at 225 m in
Vitiaz Strait (Station 30), coincident with the subsurface maximum
in TDMetals between 225 and 250 m (Slemons et al., 2010). Within
the salinity maximum (125–250 m), PFe and PAl concentrations
along the NE coast of Papua New Guinea (Stations 29 and 28) were
uniformly higher than those in Vitiaz Strait except for at 225 m. Av-
erage concentrations of PFe within the salinity maximum increased
after Vitiaz Strait (Station 30) but there was no additional increase
from Station 29 to 28. This suggests an input of PFe from the Papua
New Guinea Margin but no attributable input specifically from the
Sepik River which lies between Stations 28 and 29. Average PAl con-
centrations also increased north of Vitiaz but differed from PFe in
that they were also slightly greater downstream from the Sepik
River at Station 28. However, even though the concentrations were
higher at Stations 29 and 28, there were no notable local maxima
for any PMe measured within the NGCU salinity maximum as ob-
served in the TDFe and TDAl profiles and at the New Ireland coastal
station. PMn concentrations within the salinity maximum did not in-
crease uniformly downstream of Vitiaz Strait. This suggests that PMn
may have different sources than PAl and PFe. Though there are high
values of PMe above and below the salinity maximum at Station 28,
these are not a direct source to the EUC.

Fig. 2. Trace element and salinity profiles at Station 24 east of New Ireland. Total Dissolvable aluminum (TDAl, blue triangles) and iron (TDFe, red right triangles) and dissolved
aluminum (DAl, blue line) and iron (DFe, red x's) are displayed in the upper left panel. Total dissolvable manganese (TDMn, green left triangles) and dissolved manganese
(DMn, green *'s, dashed line) and salinity (offset, light blue line) are shown in the lower left panel. The right panel shows particulate metals. Note the difference in scales. Particulate
iron (PFe, red circles) and aluminum (PAl, blue stars) are in the upper right. Particulate manganese (PMn, green boxes) and offset salinity (light blue line) are in the lower right
panel. The metal concentrations are all given in nM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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A notable difference between the PMetal and TDMetal profiles at
the two NE Papua New Guinea stations was the lack of any pro-
nounced surface (30–100 m) maximum in particulate metals. Local
PMetal maxima were measured at 75 m at Station 28. As seen
in the Station 28 TDMetal profiles, PFe and PAl concentrations in-
creased dramatically at 500 m (to 42 and 73 nM, respectively,
Fig. 3). The TDMn maximum observed at 500 m appeared to be pri-
marily dissolved (Slemons et al., 2010). In contrast to TDFe and
TDAl, which were offset, maxima of PFe and PAl usually occurred at
the same depth, often coincident with PMn maxima, along the
coast of Papua New Guinea. Trace element ratios for representative
end members are shown in Table 2 and discussed below.

3.2. Equatorial profiles

The zonal gradients of the concentrations of PAl, PFe, and PMn
along the equator and zonal velocities at the time of our cruise are
shown in Fig. 4. Large zonal gradients from west to east existed for
all three particulate metals near the depth of EUC. Magnitudes of
the subsurface maxima of PAl and PFe were greatest at the western-
most station and decreased to background concentrations between
165°E and 170°W. The PMn maximum was greatest from 165°E to
180°W and decreased to background east of 170°W. Vertical profiles
of dissolved, total dissolvable and particulate Fe, Al and Mn in the
upper 500 m and zonal velocity at four representative stations
(145°E, 165°E, 170°W, 147°W) are shown in Fig. 5. Note that PMn
has much lower concentration scales than PFe and PAl. Zonal veloci-
ties in the EUC increased eastward and were greatest at the equato-
rial station located at 147°W. Although there were distinct maxima
of PAl and PFe associated with the EUC in the central Pacific, there
were no similar maxima found along the NE coast of Papua New
Guinea associated with the NGCU (Fig. 3). While we know from sa-
linity that the NGCU is a major source to the EUC, it is more difficult
to identify it as a source of Fe and Al. Equatorial PMnmaxima west of
and at the dateline had greater PMn concentrations than in the
NGCU. This is additional evidence that Mn has different sources
than Fe and Al.

The maxima in all three particulate metal profiles were largely co-
incident. PMetal maxima were located at or slightly deeper than the

Fig. 3. Particulate metal concentrations (nM) and salinity for Stations 28, 29 and 30 along the northeast coast of Papua New Guinea. Salinity, offset by 34.7, is shown as a proxy for
the depth of the NGCU. Symbols used are the same as in Fig. 2. PFe are red circles. PAl are blue stars. PMn are green boxes. Note that PMn has a different scale than PAl and PFe. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Molar ratios of trace elements in our study and representative particulate source end
members. All data based on either total digestions or strong acid leach.

Sample Fe:Al Mn:Al Mn:Fe Reference

Papua New Guinea Stations 28,
29 salinity max ±50 m

0.46 0.018 0.041 This study

New Ireland salinity max ±
50 m

0.56 0.033 0.049 This study

LLWBC Stations 24, 28–29
linear fit

0.41 0.0081 0.021 This study

Equatorial PFe (or PAl) max ±
25 m

0.46 0.12 0.21 This study

Equatorial linear fit, PMetals
200–300 m

0.44 0.024 0.05 This study

Sepik River suspended sed. 0.34–
0.39

0.0049–
0.0053

0.014 G. Brunskill, p.
comm.

Gulf of Papua rivers 0.19 0.005 Breckel et al., 2005
Gulf of Papua sediment 0.29–

0.32
0.0036–
0.0040

0.0122–
0.0125

Breckel et al., 2005

Average upper continental
crust

0.19 0.0033 0.017 Wedepohl, 1995

Gorda Ridge plume, chronic
and event

0.94–
44

0.022–
0.072

0.002–
0.030

Feely et al., 1998

Tutum Bay hydrothermal vent 0.29–
0.37

Pitchler et al., 1999

Phytoplankton mass avg., lab
culture

0.51 Ho et al., 2003

Suspended >0.4 μm
particulate matter,
S. China Sea

0.30–
2.8

0.013–
0.05

0.008–
0.045

Ho et al., 2007

Average EUCFe aerosols 0.18 0.0042 0.028 Shank, 2008
Bering Sea shelf/slope, 0.2 μm 0.40–

0.54
0.006–
0.11

0.013–
0.20

Hurst et al., 2010

Sulu Sea deep water, 0.2 μm 0.05–
0.4

Obata et al., 2007;
Kondo et al., 2007

NE Pacific, 50 μm 0.077–
0.50

Lam and Bishop,
2008

Southern Ocean, Crozet Islands
53 μm

0.50–
2.1

Planquette et al.,
2009
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velocity maximum of the EUC. The depth of the maximum of PFe, PAl
and PMn for each equatorial station sampled (except 155°W), and the
depth of maximum eastward velocity for every equatorial station are
shown in Fig. 6. The data from 155°W were excluded because there
were toomanymissingparticulatemeasurements (due to aGOFLOmis-
fire and a torn filter). There was no distinguishable PFe maximum at
140°W. Subsurface PMn and PAl maxima near the velocity core of the
EUC did extend to the easternmost station at 140°W.

3.2.1. Distribution of trace element partitions
The profiles of PFe and TDFe were very similar (Fig. 5). Both had

low concentrations at the surface and had coincident subsurface
maxima of nearly the same magnitude from 145°E to 180°W. East
of the dateline, the magnitude of the PFe maxima were smaller
than TDFe maxima or were not detectable, while DFe increased
with depth with nutrient-like profiles. PAl, TDAl and DAl profiles
also showed subsurface maxima of a similar magnitude, but PAl
maxima were almost always deeper (~25–75 m) than the corre-
sponding TDAl and DAl maxima (especially west of the dateline,
Fig. 6). The PAl, TDAl and DAl maxima coincided at 170°W. At
155°W there was no distinguishable PAl maximum (not shown),
possibly due to missing data. The PAl maximum at 147°W was once
again deeper than the TDAl and DAl maxima yet ~3–4 times smaller.
By 140°W a PAl maximum was only detectable at the depth of the
TDAl maximum. Surface maxima in Al and Mn were primarily
dissolved. The subsurface maxima in PMn were coincident with the
TDMn maxima, but consistently smaller in magnitude. 165°E was
the only station with a PMn surface maximum.

3.2.2. Forms of particulate metal
Few studies have measured dissolved, total dissolvable and total

particulate metal concentrations on the same samples. These mea-
surements allow us to quantify both leachable metal (LPMe) and re-
fractory metal (PMeref) and thus presents an opportunity to compare
particulate metal (PMe) concentrations with those of total TDMe,

LPMe and PMeref. Comparisons with previous datasets are not
straightforward because different studies used different particulate
metal extraction techniques, including variations of acetic acid leach
protocols developed by Chester and Hughes (1967) (e.g. Orians and
Bruland, 1986; Landing and Bruland, 1987; Berger et al., 2009) and
stronger acid (HCl) leaches (Johnson et al., 2005; Chase et al., 2007).

The data for leachable particulate metal (UF-F) and particulate
metal (PMe) for the coastal and equatorial stations are compared in
Fig. 7. For comparison, the 1:1 relationships are shown with a dotted
line. In four samples for Mn and two samples for Fe from Station 28,
the leachable particulate metal was greater than total particulate.
These were all near surface samples near the Sepik River. We suspect
there may have been some settling of particles to the bottom of the
GO-FLO that were missed when we sampled for particles.

The following trends were observed:

1) PAl is much greater than LPAl suggesting that most PAl is in a re-
fractory phase (see Table 1). This is consistent with the parti-
tioning observed in the northeast Pacific by Orians and Bruland
(1986).

2) PFe was usually greater than LPFe andmost data from the equato-
rial stations fell along or slightly below a 1:1 line. The slope of the
least-squares linear fit was 0.60. Leachable particulate Fe
explained 87% of the variability in PFe (r2=0.87). A similar frac-
tion of leachable PFe was observed by Johnson et al. (2005) in the
Gulf of Alaska. Their acid leach recovered 80–90% of the total par-
ticulate Fe measured 11 years earlier by Moss Landing Marine
Laboratories.

3) PMn was mostly leachable. A least-squares linear fit of LPMn to
PMn yielded a slope of 0.84. Landing and Bruland (1987) also
found that most PMn was leachable using an acetic acid leach.

4) The correlations were stronger in the equatorial data than in the
LLWBC (Stations 24, 28,29 and 30) for Fe and Mn, but the reverse
was true for Al. PAl correlations may have been skewed by the large
range of PAl values of the coasts of New Guinea and New Ireland.

Fig. 4. Particulate aluminum, iron, and manganese along the equator from 145°E to 140°W from 0 m to 1000 m. Sample points are indicated by open black diamonds. Samples at
175°Wwere not included because only one depth (250 m) was measured, but those measurements were consistent with the contour shading shown. Zonal velocities (ADCP) for all
equatorial stations are overlain as gray profiles.
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The increasing trend of leachable particulate fraction for
AlbFebMn is consistent with the results from the methodological
study of Berger et al. (2009) using reference and coastal field partic-
ulate material [their Tables 6–9].

The concentrations of refractory metal (PFeref and PAlref) are
shown in Fig. 8 for the LLWBC stations (upper panel) and equatorial
stations west of the date line (lower panel). Note that the scale for
both PFeref and PAlref are higher for the coastal than the equatorial

Fig. 5. Vertical profiles of PMetal, TDMetal and DMetal for Al, Fe and Mn along the equator in the upper 500 m from 145°E, 165°E, 170°W and 147°W. Eastward velocity (m/s) is
shown as a solid pink line plotted on the bottom axes. Stations located at 145°E and 165°E (western equatorial stations) are shown in panel a, stations at 170°W and 147°W (central
equatorial stations) are shown in panel b. Note the different concentration scales for Fe, Al and Mn. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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stations. The concentrations of PMnref are much lower (near the de-
tection limit) and not shown.

The shapes of the vertical profiles in PFeref and PAlref are similar to
PFe and PAl along the equator, but there is a notable difference at the
coastal stations. Maxima in PFeref and PAlref were found within the
salinity maxima (indicative of the southern hemisphere LLWBCs, in-
cluding the NGCU and NICU), and were especially distinct at the
southeastern Papua New Guinea station (Station 29) and the New
Ireland station (Station 24). PFe ref and PAlref maxima were less dis-
tinct in Vitiaz Strait, where elevated concentrations were only mea-
sured at one depth (but some data are missing between 225 and
500 m). The northern Papua New Guinea station (Station 28) also
has a surface maximum in PAlref, possibly due to riverine input of
suspended sediment from the nearby Sepik and Ramu Rivers. The
salinity-associated PFe ref maximum was especially large at the
New Ireland station, with a maximum concentration of ~10 nM.

3.2.3. Correlations
There was a strong correlation between PFe and PAl for the com-

piled data from the four LLWBC stations (Fig. 9). Only those depths
from which all three trace elements were measured were included

while the high value from 500 m at Station 28 was excluded. Each
of the PMe pairs was significantly correlated (pb0.01), but less
than 55% of the variability in PMn was explained by variability in
PFe or PAl. PFe and PAl had the strongest linear correlation (r2=
0.86) with a slope of 0.41. This is greater than the average molar
upper crustal ratio of 0.19 (Table 2).

There were also significant (pb0.01) correlations between PAl,
PFe and PMn at the equatorial stations. Fig. 10 (bottom panels d,
e and f) shows PMetal pairs plotted against each other for all equato-
rial stations for which measurements exist for all three PMetals
(similar to Fig. 9). For comparison, each TDMe pair was plotted for
all equatorial stations for which measurements exist for all three
TDMe (top panels a, b and c). Since the source waters and residence
times change throughout the equatorial water column, different
symbols (and colors) were used to distinguish measurements from
the upper 175 m (x's), intermediate 200–300 m (triangles), and
deeper 500–1000 m (circles). The intermediate 200–300 m corre-
sponds nominally to the depth range of the EUC thermocline and
thermostad. Elevated surface concentrations of both TDMn and
PMn appeared to skew the relationships between Mn and both Fe
and Al. Least squares linear regressions were plotted on Fig. 10 for
data only from the depth range of the EUC (red triangles).

In the intermediate (200–300 m) depth range, significant correla-
tions (pb0.001) existed for every metal pair. The strongest linear cor-
relation (r2=0.91) existed between PFe and PAl, as were found in the
full water-column LLWBC stations. The slope of the regression of PFe
against PAl within the EUC was nearly the same between the LLWBC
and equatorial EUC data (linear fit=0.41 and 0.44, respectively). The
relations of PMn to PAl and PFe showed the poorest linear fit, due in
part to relatively little variation in PMn concentrations at both higher
PAl and PFe concentrations. This is further evidence of a different
source of PMn than PAl and PFe.

3.2.3.1. Summary of results. The main observations that can be summa-
rized from the results of this study are the following:

1) Particulate metals exhibited the following characteristics:

a. Elevated PFe and PAl concentrations (and TDMetal) were mea-
sured along the coasts of Papua New Guinea and New Ireland
within the density range of the respective LLWBCs.

b. There were maxima of PMe (and TDMe) concentrations within

Fig. 6. Depth of the maximum concentrations of PFe (red circles), PAl (blue stars), PMn
(green squares) and maximum eastward velocity (u, pink line) along the equator ver-
sus longitude. Depths of PFe, PAl and PMn maxima are shown for each equatorial sta-
tion sampled except 155°W where samples were lost. Velocities were measured every
5 m. (For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 7. Leachable particulate (total dissolvable minus dissolved) Mn, Fe and Al versus total particulate Mn, Fe and Al for the low latitude western boundary current stations (LLWBC)
(Top) and the equatorial stations (bottom). The dotted line is the 1:1 relationship. The dashed lines are the least-squares linear fits.
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the EUC at or slightly below the maximum velocity of the EUC
extending from 140°E to 147°W or 140°W (the easternmost
station).

c. The magnitude of the PMetal (and TDMetal) maxima associated
with the EUC decreased from west-to-east along the equator
(Fig. 4).

2) Notable differences were observed between the particulate and
total acid soluble metals including:
a. Vertical maxima in all three particulate metals occurred at the

same depths, while TDAl was shallower than TDFe and TDMn.
b. The correlations between the distribution of the particulate

metals, particularly between PAl and PFe, were stronger than
for the total dissolvable metals.

c. There were enrichments of refractory PAlref and PFeref associat-
ed with the salinity maximum of the NICU and NGCU sugges-
tive of direct input from rivers or resuspension of continental
margin sediments.

3. These observations lead to three outstanding questions:
a. What is the most plausible mechanism of trace element supply

in the apparent western source region?

b. How are the subsurface particulate Fe, Al and Mn maxima
maintained across thousands of kilometers of distance and sev-
eral months of transit time?

c. What do data and model experiments suggest as to the bio-
availability of LPFe?

4. Discussion

4.1. Continental margin source of lithogenic metals

The distributions of total dissolvable and total particulate Fe, Al,
and perhaps also Mn, suggest a continental margin source. The PAl
maxima were strongly correlated with PFe maxima (Figs. 9, 10),
and most of the PAl maxima were refractory Al (Fig. 8). There are
large riverine sources of lithogenic Al from Papua New Guinea
(Sholkovitz et al., 1999; Milliman et al., 1999). The flow from the
Sepik River diverges into a surface layer and deep layers after
reaching a sand bar ~1 km upstream of its mouth. The surface layer
carries sediments offshore and along the coast to the northwest, while
the subsurface layer carries sediments seaward and downslope in

Fig. 8. Refractory PAl (blue stars, upper scale bar) and PFe (red down triangles, lower scale bar) for coastal stations (upper panel) and western equatorial stations from 145°E, 156°E,
165°E and 180°W (lower panel). Note the change in scale between the upper and lower panels. Salinity, offset by 34, is displayed on the upper panels and zonal velocity is shown in
the lower panels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. PFe versus PAl, PMn versus PAl and PMn versus PFe for Stations 24 (New Ireland, stars), 28 (downstream of Sepik River, down triangles), 29 (upstream of Sepik River, up
triangles), and 30 (Vitiaz Strait, pluses). Data from 500 m at Station 28 was excluded. The correlation coefficient (r2) for each significant (pb0.01) correlation is displayed on
the panel. A linear least-squares fit of PFe versus PAl (where r2>0.7) is plotted.
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hyperpycnal flows (Kineke et al., 2000). Intermediate layers appear to
form in the water column from the subsurface plume. Distinct layers
of turbid water, 10–50 m thick and separated by tens of meters of
clearer water, were reported by Kineke et al. (2000) in trans-
missometry surveys down the Sepik Canyon, which extended from
the Sepik River mouth to ~1000 m depth. They found the vertically
integrated sediment load of these layers was often as much as that
in the turbid surface sediment plume. The layers of turbid water ob-
served byMackey et al. (2002a) and Slemons et al. (2010) are consis-
tent with these observations.

Although concentrations of metals in the NGCU are quite large, it
is not necessary to invoke sediment resuspension to explain these
values because off the northeast coast of Papua New Guinea, most
of the sediment is transported well offshore. For example, in an in-
ventory of the Sepik River carbon budget, Burns et al. (2008) found
that only 5% of the Sepik River's organic carbon was preserved on
the local shelf and slope and more than half was exported to the Bis-
marck Sea beyond our study region. Similarly Kuehl et al. (2004)
found that only 7–15% of the Sepik River sediment discharge accu-
mulated locally on the adjacent shelf and slope, and that this dispers-
al mechanism may be common in the region. In addition, the shape
of the northeast Papua New Guinea slope makes sediment resus-
pension by waves and tides less likely. Direct injection of sediment
via intermediate nephloid layers is the most plausible explanation
for the large enrichments reported here.

The subsurface Mn maxima appeared to be primarily PMn. How-
ever, though the concentrations of PMn increased after Vitiaz Strain
(Station 30) they did not show additional increase along the Papua
New Guinea coast within the salinity maximum of the NGCU. Anoth-
er notable difference from PFe and PAl distributions was that the
subsurface maxima in equatorial PMn were greater than the maxima
in the coastal NGCU but less than the NICU PMn maximum. The cor-
relations of TDMn to TDAl and TDFe were strong in the EUC, especial-
ly in the 200–300 m depth range (Fig. 10). The correlations of PMn to
PAl and PFe were strong, but were not linear. There appear to be

separate linear relationships at low and high concentrations of PAl
and PFe, respectively. The relationships were linear at low PAl and
PFe but PMn varied much less at high PAl and PFe.

The co-location of PAl, PMn, and PFe maxima within the lower
EUC with higher concentrations in the west, indicates western
source(s) are advected eastward in the EUC (Fig. 4). Al is a non-
redox active metal, so the coincident particulate maxima (Fig. 5)
and the strong correlation between PAl and PFe (Fig. 10), in addition
to the decrease in magnitude in PAl and PFe with greater distance
from the continental margin indicate a primary contribution from a
continental margin, possibly riverine source of Al and Fe. TDFe,
TDAl, PFe and PAl concentrations were elevatedwithin the NGCU rel-
ative to the EUC trace element maxima at 145°E and 156°E. But PAlref
and PFeref profiles suggest a maximum in the refractory particulate
fractions.

Jeandel et al. (2011) suggested that dissolution of solids deposited
along ocean margins may be a significant source of elements, like Fe,
to the ocean. Analyses of δ56Fe of dissolved and particulate Fe from
several stations from cruise EUCFe (Radic et al., 2011; Labatut et al.,
2012) resulted in positive values in both the dissolved (+0.01‰ to
+0.58‰) and particulate (+0.02‰ to +0.40‰) fractions. Surface
sediments from the northern Papua New Guinea slope sediments
(0 to 1200 m) had a mean value of +0.30‰ (Murray et al., 2010).
The lack of depletion in δ56Fe and the similarity in δ56Fe for slope sed-
iments and water column samples support the argument that the
source of iron in this region is from sediments via a non-reductive
dissolution pathway rather than dissimilatory iron reduction as seen
by Severmann et al. (2010) off California.

4.2. Evaluation of potential end-member metal ratios

Estimating Metal:Al ratios of candidate source sediments and rivers
is one approach to assess the magnitude of lithogenic, biogenic, or dia-
genetic sources, if they have distinctly different ratios (e. g. Planquette
et al., 2009; Hurst et al., 2010).

Fig. 10. TDFe versus TDAl (a), TDMn versus TDAl (b) and TDMn versus TDFe (c) (top panel) and PFe versus PAl (d), PMn versus PAl (e) and PMn versus PFe (f) (bottom panel) for
the equatorial stations. Symbols designate depth horizons: x's for upper 175 m, triangles for the nominal EUC depth range (200–300 m) and circles below (500–1000 m). The cor-
relation coefficient (r2) and least-squares linear fit is plotted for data between 200 and 300 m. The metal ratios of Sepik River total suspended matter samples are shown in the TD
panels as a dashed blue line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fe:Al molar ratios in two suspended matter samples from the
Sepik River were 0.34 and 0.39 (Table 2)[G. Brunskill, personal com-
munication]. These values are higher than the world average molar
crustal ratio of 0.19 and they are also higher than those found in
river-suspended sediments and coastal sediments from the Gulf
of Papua which are 0.19 and 0.29–0.32, respectively (Table 2)
(Breckel et al., 2005). The Gulf of Papua is located off the southeast
coast of Papua New Guinea, making it a comparable tropical site to
the northeast coast that weathers the same types of rocks. In addi-
tion, the combined river outflow into the Gulf of Papua is close to
that of the Sepik River (Burns et al., 2008). These Fe:Al ratios are
less than the ratios observed in our particulate samples from coastal
(0.41) (Fig. 9) and equatorial (0.44) (Fig. 10) stations. These ratios
suggest a predominantly lithogenic source of iron and aluminum.
However, the average PFe:PAl ratio of the smaller set of samples
within 50 m of the coastal salinity maximum and within 25 m of
the equatorial PFe maximum were higher at 0.56 and 0.46, respec-
tively. These higher average values suggest some Fe enrichment rel-
ative to detrital sediments from the Sepik River (Table 2). This
provides evidence of a contribution from preferential diagenetic
remobilization of Fe in slope sediments in addition to direct erosion-
al input or physical resuspension. Nevertheless, the δ56Fe analyses
by Radic et al. (2011) and Labatut et al. (2012) do not indicate signif-
icant Fe of diagenetic origin. Hydrothermal processes can also pro-
duce elevated Fe:Al ratios but these are typically much larger than
we observed (Table 2) suggesting that hydrothermal contributions
must be small.

The molar ratios of Mn:Fe in Gulf of Papua sediment and Sepik
River suspended sediment (0.012–0.014 and 0.014, respectively)
were slightly lower than average crust (0.017) and much lower
than obtained from the linear fit of PMn vs. PFe for equatorial sta-
tions in the 200–300 m depth range (0.05, Table 2). The higher ratios
in the EUC suggest enrichment due to water column processes and/
or multiple sources. For depths within ±25 m of the equatorial sub-
surface PFe maximum, the molar PMn:PAl ratios were even greater,
reaching 0.12 (crust is only 0.0033). Interestingly, the equatorial
subsurface maximum PMn:PFe ratio (0.23) approached the Mn:Fe
ratio (0.28–0.38) of shallow hydrothermal vent waters near Papua
New Guinea (Pitchler et al., 1999) but those vents are only a source
to the surface water. PMe in deep-water hydrothermal plumes tend
to havemuch higher ratios (Table 2; Feely et al., 1998). We tentative-
ly attribute the Mn enrichment to diagenetic remobilization from
margin sediments.

4.3. The importance of constraining the western end members

Trace element profiles off the coasts of New Ireland and Papua
New Guinea showed distinct enrichment patterns. In coastal waters
east of New Ireland, PFe and PMnmaxima coincided with the salinity
maximum, which is a tracer for the NICU (Fig. 2). Though specific
PMe maxima were not observed within the NGCU salinity maximum
(Fig. 3), the values were still much higher than the equatorial values.
PFe and PAl maxima offshore of Papua New Guinea were found only
in the refractory phase (Fig. 8). These differences are intriguing be-
cause they suggest that there might be different trace element sup-
ply mechanisms from Papua New Guinea and New Ireland. The
topography and precipitation regime of both islands is similar, but
Papua New Guinea is larger and has more major rivers than New
Ireland, so riverine sources might be more important off the Papua
New Guinea coast. Unfortunately, we did not sample the main
branch of the NICU during this cruise nor bottom boundary layer cur-
rents to investigate the persistence of this NICU-enrichment pattern
or to rule out sediment resuspension.

The elevated Mn:Al ratios in the depth range of the EUC and the
elevated equatorial PMn concentrations between 165°E and the date-
line relative to the southern coastal stations is unexplained in our

dataset. Obata et al. (2007) and Kondo et al. (2007) have conducted
regional surveys of Fe, Al, Mn and other trace elements in the
Philippine and Celebes Seas, which are associated with the Mindanao
Current. This is the pathway of the northern source water to the EUC,
however, the trace element composition of this northern end mem-
ber is not well constrained east of 130°E. Hydrothermal sources
may augment island sources of trace metals to the Mindanao. The
Marianas Islands, for example, are extremely active and are a major
source of Fe to the water column (Resing et al., 2009) and currents
from the Marianas feed the Mindanao.

Studies of the composition and sources of trace metals to these
northern end members should be a priority in future studies of this
region.

4.4. Maintenance of a particulate iron maximum

One key question is how the particulate iron maximum observed
in the lower equatorial thermocline is maintained across the central
equatorial Pacific Ocean. Local processes seem unlikely to sustain
such a subsurface maximum, both because surface aerosol input
measured during our survey were insufficient by an order of magni-
tude to provide enough iron to sustain the concentrations observed
in the EUC (Shank and Johansen, 2008) and because particles sinking
from the surface or upwelled from below would not be expected to
produce a subsurface maximum, consistently on the same density
surface, below the euphotic zone. Here we discuss estimates of the
propagation of a lithogenic particulate iron source and compare
these estimates with our observations.

4.4.1. Modeling lithogenic particulate iron
The ramifications of a temporally variable western equatorial Pa-

cific iron source on the timing of phytoplankton blooms in the east-
ern upwelling zone were first examined quantitatively by Ryan et
al. (2006). To estimate the propagation time of an iron source from
the NGCU, they applied water mass transport times estimated from
moored ADCP current velocity data and found a correlation between
velocity and the timing of post-La Niña 1998 blooms.

In two studies, Gorgues et al. (2009, 2010) tested Ryan et al.
(2006)'s hypothesis using a coupled dynamical-biochemical model
(OPA–PISCES) with explicit dissolved and biologically-generated
particulate iron cycles. Gorgues et al. (2010) used the standard
PISCES formulation, common to most global biogeochemical models,
of treating all new iron as dissolved. This study found that a variable
dissolved iron source from the NGCU did not change the timing and
intensity of the spring/summer blooms in 1998. A large DFe source
from the NGCU (averaging 6 nM, but variable in direct proportion
to the strength of the NGCU) did not extend across the central Pacific
as a pulse of DFe due to the elevated scavenging loss of DFe when
concentrations exceeded 0.6 nM.

Based on our PFe dataset, Gorgues et al. (2009) included a prelim-
inary lithogenic particulate iron cycle in PISCES with representative
sinking and dissolution loss terms. A model lithogenic PFe source,
with the same imposed source concentration (averaging 6 nM) in
the NGCU, propagated iron across the equatorial Pacific, although it
was primarily in the dissolved phase by the time it reached the cen-
tral equatorial Pacific, which is not what we observed. The model as-
sumed lithogenic iron particles had a diameter of 1 μm, based on
scanning transmission X-ray microscopy measurements and chemi-
cal composition (primarily iron hydroxides) of iron particles in the
subarctic Pacific (Lam et al., 2006). A sinking speed of 0.086 m d−1

was chosen to represent the ideal Stokes' sinking velocity of spheri-
cal 1-μm size particles. The dissolution rate of particulate iron was
set to 0.025 d−1, based on laboratory estimates (Liu and Millero,
2002). This dissolution rate is similar to the rate of 0.030 d−1 esti-
mated using experimental incubation results (Hurst et al., 2007).
The inclusion of a model lithogenic PFe NGCU source from the

64 L. Slemons et al. / Marine Chemistry 142–144 (2012) 54–67



Author's personal copy

west, rather than a DFe source, led to greater DFe concentrations in
the EUC in the eastern upwelling zone than were observed by inclu-
sion of only a western source of DFe. The additional DFe was supplied
by dissolution of lithogenic PFe. The extension of elevated subsurface
iron concentrations into the central equatorial Pacific was consistent
with our dataset. However, the plume of iron in the simulations was
primarily in the dissolved phase, not the particulate phase as we ob-
served. This suggests that either one or more of the loss terms of
lithogenic PFe was too high or a source term was missing.

4.4.2. Observed zonal gradient in leachable particulate iron
We used our zonal gradient of average leachable particulate iron

(LPFe=TDFe−DFe) in the thermostad (ts) (σθ=25.8 to 26.6 g kg−3)
to test the parameterization of Gorgues et al. (2009). LPFe is the best
proxy in our dataset for lithogenic particulate Fe small enough to
be transported great distances offshore. This fraction is likely a com-
bination of iron hydroxides and oxyhydroxides (Lam et al., 2006).
There is an eastward decrease in the average concentration LPFe in
the thermostad (x in Fig. 11). A simple linear fit of LPFe concentra-
tion and longitude explains 96% of the variability in [LPFe] along
our equatorial cruise track. Eastward velocity measured underway
and averaged across the thermostad, (Fig. 11;circles), did not have
a significant trend with longitude and averaged ~26 cm s−1 be-
tween 145°E and 155°W.

Neglecting mixing, the zonal decrease of LPFe concentrations can
be described as due to the sum of losses by dissolution and sinking:

∂LPFe=∂t ¼ −r LPFe½ �ts−ws
dLPFe
dzts

where ∂LPFe/∂ t is the decrease in LPFe between 145°E and 155°W.
Distance−1 was converted to time−1 by multiplying the linear fit by
26 cm s−1, the average eastward velocity. The first sink term on the
right is the loss of LPFe via remineralization to DFe; r is the remi-
neralization rate of LPFe and LPFets is the average concentration of
LPFe in the thermostad. The second sink term on the right is the sink-
ing loss of LPFe; ws is the sinking rate of LPFe, dLPFe is the difference
between the average concentration of LPFe in and below the

thermostad and dzts is the average thickness of the thermostad,
71 m. All LPFe terms were calculated between 145°E and 155°W.

The loss rate of LPFe using this simplified model is largely insen-
sitive to changes in the sinking rate and dominated by the value of
the dissolution rate, r. If the remineralization and sinking rates se-
lected by Gorgues et al. (2009) are used, the predicted loss rate of
LPFe is 0.045 nM d−1, shown as a dashed black line in Fig. 11 and
most loss of LPFe is due to remineralization to DFe. The dashed blue
line in Fig. 11 shows the zonal trend in LPFe concentration when
the dissolution rate is reduced to 1/4 the value used in the PISCES
configuration (0.006 d−1). This apparent observed loss rate is likely
to be greater than the actual loss rate, which neglects loss by mixing.
We propose that advection of particulate iron with a low remine-
ralization rate is the most plausible explanation of the observed
zonal gradient in TDFe and PFe. Model simulations are probably the
best approach for estimating these parameters but more detailed
datasets of this type will be required.

4.4.3. Dissolved vs. particulate iron model parameterizations
Although the initial investigation of sinking and remineralization

parameters of lithogenic iron by Gorgues et al. (2009) did not pro-
duce any subsurface maxima in PFe east of 160°E, the continual
remineralization of PFe supplied DFe across the Pacific. These parti-
cle loss terms are similar to classic parameterizations (i.e. Jackson,
1990) but neglect coagulation, which could be an important iron
cycle process influenced by particle density, size, and stickiness
(Honeyman and Santschi, 1989; Wu et al., 2001). However, both
the sinking and remineralization rates of small particles in the
ocean are poorly constrained and models, such as these, may ulti-
mately be the best approach to estimate values. Our data suggests
that the sinking and remineralization rates tested should be further
tuned to account for the observed propagation of the PFe maxima.

4.5. Bioavailability of particulate iron

An outstanding question of themarine iron cycle is the bioavailabil-
ity of various forms of iron (Johnson et al., 1992; Sunda and Huntsman,
1988; Barbeau and Moffet, 2000; Kuma et al., 2000; Hurst et al., 2007).
Determining the bioavailability of iron directly from current analytical

Fig. 11. Average LPFe concentrations (red x's) and eastward velocities (pink circles) observed within the thermostad (σθ=25.8 to 26.6 kg m−3) along the equator. The predicted
concentrations of LPFe using a particle sinking rate of 0.086 m d−1 and remineralization rate constant of 0.024 d−1 from Gorgues et al. (2009) is shown as a dashed black line. The
dashed blue line that describes our data is for the same sinking rate and a remineralization rate constant of 0.006 d−1. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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techniques is not possible (Wells, 2003; Berger et al., 2009). However,
the partitioning of iron, aluminum and manganese between opera-
tionally defined size and solubility phases offers some information
about the nature of their sources and potential bioavailability. Re-
fractory particulate metals, including alumino-silicates and crystal-
line iron oxyhydroxides are likely from crustal sources and are less
likely to be bioavailable (Orians and Bruland, 1986; Landing and
Bruland, 1987;Wedepohl, 1995; Loscher et al., 1997). Phytoplankton
can acquire Fe from iron oxyhydroxides colloids where the rate of Fe
uptake is governed by either the solubility of the colloidal iron or its
rate of dissolution (Shi et al., 2010). Hurst and Bruland (2007) esti-
mated that ~60% of the Fe assimilated by phytoplankton was derived
from solubilization of regenerated particulate Fe. However, these in-
cubations did not demonstrate direct uptake of lithogenic leachable
iron. Chen et al. (2003) used 59Fe-labeled natural colloids to show
the direct uptake of colloidal (1 nm–0.2 μm) Fe, which indicates Fe
need not be truly soluble to be bioavailable.

The ironmaximum that extends across the central equatorial Pacific
in the thermostadwaters is primarily in the leachable particulate phase.
Nutrient budget estimates and incubation experiments independently
suggest that at least some leachable particulate iron is bioavailable, ei-
ther through geochemical remineralization or biological cycling (Frew
et al., 2006; Hurst and Bruland, 2007; Chase et al., 2007).

Biogeochemical model simulations give us some idea of how bio-
available a particulate iron source might be. Although, as discussed
above, the cycling of DFe and LPFe are different; our physical circulation
— ecosystemmodel simulations suggested an equatorial thermocline or
thermostad iron source improved the zonal gradient of surface macro-
nutrient concentrations and the meridional patterns in nutrient export
and uptake. However, treating the TDFe source observed in thewestern
equatorial Pacific as entirely bioavailable, produced an unrealistically
large biological response (Slemons et al., 2009). The model simulation
of DFe overestimated either the Fe flux or Fe bioavailability. Gorgues
et al. (2009) showed that a simple parameterization of a lithogenic
PFe sourcewould lead toDFe transport equal to or greater than a similar
DFe source, so it appears most likely that not all of the TDFe flux across
the western and central equatorial Pacific is bioavailable.

5. Conclusions

Large fluxes of particulate and dissolved trace elements originate
in the western equatorial Pacific and are rapidly transported east-
ward in the lower EUC. Particulate metal maxima at the base of the
EUC, in the equatorial thermostad, extend across the western and
central equatorial Pacific, with distinct PFe maxima evident until at
least 170°W and distinct PAl and PMn maxima evident at 147°W. A
greater fraction of the dissolved and leachable particulate fractions
extend further east relative to refractory particulate trace elements,
reflecting differences in residence times. Based on these results and
the δ56Fe results by Radic et al. (2011) and Labatut et al. (2012),
the primary source of PFe and PAl appears to be erosional inputs
along the continental margins of Papua New Guinea and New Ireland.
An additional supply of PMn, possibly from diagenetic enrichment
or biological export is apparent off the coast of Papua New Guinea.
The composition of the particulate metal maxima, particular the
quantity of PMn, undergoes transformations in route across the
western equatorial Pacific, which could be due to enrichment from
a biological source or from the addition of an unknown northern
and/or hydrothermal end member. We propose that advection of
particulate iron with a low remineralization rate is the most plausi-
ble explanation of the observed zonal gradient in TDFe and PFe.
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