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Abstract
Oxygen-deficient zones (ODZs) play an important role in the distribution and cycling of trace metals in the

ocean, as important sources of metals including Fe and Mn, and also as possible sinks of chalcophile elements
such as Cd. The Eastern Tropical North Pacific (ETNP) ODZ is one of the three largest ODZs worldwide. Here, we
present results from two sectional surveys through the ETNP ODZ conducted in 2018, providing high-resolution
concentrations of several metals, along with complimentary measurements of nutrients and iodine speciation.
We show that samples obtained from the ship’s regular rosette are clean for Cd, Mn, Ni, and light rare earth ele-
ments, while uncontaminated Fe, Zn, Cu, and Pb samples cannot be obtained without a special trace-metal
clean sampling system. Our results did not show evidence of Cd sulfide precipitation, even within the most
oxygen-depleted water mass. High Mn and Ce concentrations and high Ce anomalies were observed in low-
oxygen seawater. These maxima were most pronounced in the upper water column below the oxycline, coinci-
dent with the secondary nitrite maxima and the lowest oxygen concentrations, in what is generally considered
the most microbially active part of the water column. High Mn and Ce features were also coincident with max-
ima in excess iodine, a tracer of shelf sediment sources. Mn and Ce maxima were most prominent within the
13�C water mass, spanning a density horizon that enhances isopycnal transport from the shelf sediments,
resulting in transport of Mn and Ce at least 2500 km offshore.

Oxygen-deficient zones (ODZs) are regions with extremely
low oxygen concentrations in subsurface waters, due to the
high primary productivity in surface seawater and the intense
subsurface remineralization that consumes oxygen. ODZs play
an important role in the global nitrogen cycle as “hot spots”
of fixed nitrogen loss and nitrous oxide (N2O, a potent green-
house gas) production (Pierotti and Rasmussen 1980;
Knowles 1982; Chang et al. 2012). In addition to their crucial

role in the marine nitrogen cycle, ODZs can influence the
exchange of metals between continental margins and ocean
basins (Lam et al. 2020; Moffett and German 2020). Therefore,
it is important to study trace metal cycling in ODZs because
many trace metals—including Fe, Mn, Cu, Co, Zn, and Cd—
are required as cofactors for various enzymes and are essential
micronutrients to phytoplankton, and thus also influence the
global carbon and nitrogen cycles (Morel et al. 2003).

ODZs can influence metal cycling in different ways. ODZs
are often associated with elevated concentrations of redox-
sensitive elements, such as Mn, Fe, Ce, and Co, because their
reduced forms are much more soluble than their
corresponding oxidized forms in seawater (Moffett and
Ho 1996; Liu and Millero 2002; Morton et al. 2019). These
redox-sensitive trace metals are often co-enriched in low-
oxygen seawater and exhibit similar biogeochemical features.
In particular, cerium (Ce) is known to resemble Mn in its
marine chemistry (Moffett 1990, 1994). Ce is one of the rare
earth elements (REEs). Although most REEs exist in the +3
oxidation state (de Baar et al. 1988), Ce (III) can be microbially
oxidized to Ce (IV), followed by preferential scavenging of Ce
(IV) from oxic waters by Mn oxidizing bacteria, leading to Ce
depletion with respect to its lanthanide neighbors such as La,
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Pr, and Nd (Moffett 1990). In ODZs, these redox sensitive ele-
ments can be released from shelf sediments and transported
by low-oxygen water masses away from the coastlines into the
oceans, where they can be an important trace metal source for
phytoplankton and alleviate the limitation stress of essential
elements, particularly Fe (Bruland et al. 2005; Lam and
Bishop 2008; Hawco et al. 2016).

Some trace metals are not redox sensitive, but have been pro-
posed to be influenced by the sulfur cycle in ODZs (Canfield
et al. 2010), specifically chalcophile elements that tend to form
metal sulfides. This hypothesis—that Cd is lost from water col-
umn as Cd sulfide (CdS) in anoxic microenvironments in organic
particles—has been most commonly advanced to explain Cd and
Cd isotope patterns in ODZs (Janssen et al. 2014; Conway and
John 2015a), with implications for understanding both the mod-
ern ocean Cd cycle (Roshan and DeVries 2021), and the use of
Cd/Ca ratios in foraminiferal records as a paleoceanographic
proxy for dissolved phosphate to reconstruct water mass distribu-
tion and nutrient utilization in past oceans (Boyle 1988;
Elderfield and Rickaby 2000). However, several recent studies
reported that CdS precipitation was not observed in other ODZ
regions (John et al. 2018; Yang et al. 2018; de Souza et al. 2022),
indicating that CdS precipitation is not a driving mechanism that
controls the global Cd cycling.

Motivated by the debate about the Cd sulfide hypothesis
(Janssen et al. 2014; Conway and John 2015a; de Souza
et al. 2022) and previous studies about redox-sensitive metals in
ODZs (de Baar et al. 1988; Saager et al. 1989; Vedamati
et al. 2015), in this study, we participated on two cruises in the
Eastern Tropical North Pacific (ETNP) ODZ to test the CdS
hypothesis and examine the distribution and cycling of Mn and
Ce. Another main purpose of these cruises was to study the dis-
tribution of oxygen and nitrogen chemistry in the region as part
of a 50-yr time series study of the biogeochemistry and physical
boundaries of the denitrifying regime in the region (Brandes
et al. 1998; Fuchsman et al. 2018). Compared with abundant
studies on oxygen and nitrogen chemistry, the trace metal data
are scarce in the ETNP ODZ. A recent Cd study has also called for
higher-resolution data in the ETNP (de Souza et al. 2022). In this
study, we adopted a sampling strategy that provided an unprece-
dented opportunity for high-resolution sampling in the region
for trace metal studies. Complimentary measurements of iodine
speciation and nitrite are also available (Evans et al. 2020; Mor-
iyasu et al. 2020), providing valuable context for the trace metals
studied here. The new high-resolution data presented in this
study will provide valuable information to assess the CdS
hypothesis and deepen our understanding of the cycling of Cd,
Mn, and Ce in the ocean.

Methods
Sampling

The samples were collected during two cruises of the R/V
Roger Revelle, RR1804 and RR1805 in the ETNP Ocean,

23N-14N, 105W-130W, from March to April 2018. The
RR1804 cruise was comprised of one zonal and one meridional
section (Fig. 1).

The collection of contamination-free seawater can be chal-
lenging because of the extremely low concentrations of these
elements in seawater, and the ubiquity of these elements in
sampling platforms on a ship (e.g., dust, steel hydrowire, brass
fittings, etc.) (Bruland and Lohan 2003; Measures et al. 2008).
Trace-metal clean (TMC) sampling techniques have been stan-
dardized to avoid the contamination during sample collection
(De Baar et al. 2008; Measures et al. 2008; Cutter et al. 2017).
Such techniques rely on special sampling systems designed
specifically for TMC sample collection, including Teflon-
coated or metal-free bottles of the GO-FLO (General Oceanics)
or external-spring configuration, mounted on a rosette made
from titanium or powder-coated aluminum, and deployed
from a nonmetallic liquid crystal polymer (e.g., Vectran) or
polyethylene line (Measures et al. 2008; Cutter and
Bruland 2012; Cutter et al. 2017).

In this study, on RR1804, samples were collected using a
regular metal frame CTD rosette equipped with Teflon-coated
internal-spring Niskin bottles (12 liters) and analyzed for a
suite of metals in the most sampling-intensive phase of the
project. Although standard practice for nitrogen cycle work,
this sampling system is not designed for the sampling of
contamination-prone metals. Each seawater sample was
subsampled into a 1-liter acid-cleaned low-density polyethyl-
ene (LDPE) bottle on board, and then filtered in a TMC “bub-
ble” in the ship’s TMC van using an AcroPak™ 0.2-μm filter

Fig. 1. Seawater sampling locations in the ETNP ODZ. Black dots with
numbers are stations from cruise RR1804 where seawater samples were
collected using a non-TMC system. The four stations highlighted by red
circles, P1, P2, P3, and P4, are stations from cruise RR1805 where seawa-
ter samples were collected using TMC techniques. RR1804 stations are
split into near-shore and offshore stations based on their distances from
the coastline.
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and a peristaltic pump, and stored in 50-mL LDPE centrifuge
tubes.

On RR1805, TMC sampling technique was used. TMC
samples were collected using 5-liter acid-cleaned Teflon-
coated external-spring “Niskin-type” bottles (Ocean Test
Equipment) on a powder-coated TMC rosette (Sea-Bird Elec-
tronics). These Niskins were pressurized with nitrogen and
passed through acid-washed 47-mm-diameter 0.2-μm Supor
polyethersulfone filters (Pall) into acid-washed 1-liter LDPE
bottles (Nalgene). Samples from four stations of the RR1805
cruise (P1, P2, P3, and P4; Fig. 1) were used for inter-
comparison with the samples collected from the RR1804
cruise in order to study the “cleanliness” of the non-TMC
sampling techniques.

Seawater temperature, salinity, and oxygen concentrations
were measured by sensors attached to the non-TMC CTD
rosette. The hydrographic and nutrient data of RR1804-RR1805
used in this study are available on BCO-DMO (http://lod.bco-
dmo.org/id/dataset/779185).

Iodine speciation analysis
Iodide (I�) and iodate (IO�

3 ) were measured for RR1804
samples. After sample collection and filtration, most seawater
samples were measured typically within 6 h on board. When
samples exceeded the analytical capacity on board, samples
were frozen and brought back to the laboratory and measured
at USC.

Iodide was analyzed using cathodic square wave strip-
ping voltammetry. Iodate was analyzed using a spectropho-
tometer (Perkin Elmer Lambda 35) by converting iodate
into triiodide (I�3 ) quantitatively in the presence of sulfuric
acid and excess iodide. For a detailed description of iodine spe-
cies analysis, see Moriyasu et al. (2020) and references therein.

The iodide and iodate data were published in Moriyasu
et al. (2020) and were used to study trace metal cycling in this
study. The iodine speciation data are available on BCO-DMO
(https://www.bco-dmo.org/dataset/776552/data).

Trace metal analysis
The elements Fe, Zn, Cd, Ni, Cu, Pb, and Mn were mea-

sured for both RR1804 and RR1805 samples. Light REEs
(LREEs, La to Nd) were only measured for RR1804 samples.

All seawater samples were first acidified to pH 2 with dis-
tilled 12 M HCl (the volume ratio of HCl to sample is
1 : 1000) in the clean lab at the University of Southern Califor-
nia (USC). After acidification, seawater samples were stored for
at least 3 months before analysis to ensure the complete
desorption and dissolution of any metal from the wall of the
LDPE tubes or bottles.

Metal concentration analyses were performed as in
Hawco et al. (2020) and are briefly summarized below. For
each sample, 15 mL seawater was transferred to a 15-mL
tube, followed by the addition of 50 μL of an isotope spike
(containing 57Fe, 62Ni, 65Cu, 67Zn, 207Pb, and 110Cd) to each

sample tube and thoroughly mixed. The samples were then
left to sit overnight before they were preconcentrated by
seaFAST™ system. The seaFAST™ system preconcentrates
the seawater samples and removes the salt matrix
(Lagerström et al. 2013). About 10 mL of seawater was
injected through the Nobias PA-1 column on the seaFAST™,
and 0.5 mL eluent (1 M HNO3 containing 1 ppb In) was
used to elute trace metals for concentration analysis. The
trace metal concentrations were then measured by an Ele-
ment 2 single collector sector field inductively coupled
plasma mass spectrometry (ICP-MS). Concentrations of Fe,
Zn, Cd, Ni, Cu, and Pb were calculated using an isotope dilu-
tion method. Concentrations of Mn and LREEs were quanti-
fied relative to the 10 ppb standard and corrected for
incomplete sample loading using the recovery of Ni (Hawco
et al. 2020). GEOTRACES standards GSC and GSP were ana-
lyzed to assess the accuracy. For all the trace metals ana-
lyzed, GSC and GSP values agree well with the values
previously reported (Table 1; Hatje et al. 2014; Wuttig
et al. 2019; Floback and Moffett 2021). A USC lab working
standard (surface seawater from the North Pacific after metal
extraction by Nobias-PA1 resin at pH 2) was analyzed repeat-
edly to monitor the repeatability. For each element, the
average and 3 SD values (n = 47) are reported (Table 1). The
detection limit of each element can be estimated using the
3 SD value. Trace metal concentration results from the
RR1804-1805 cruises are available on BCO-DMO (http://lod.
bco-dmo.org/id/dataset/872434).

Calculation of Cd* and Ce anomaly
In order to study the CdS hypothesis (i.e., Cd is removed

from water column as CdS in anoxic microenvironments in
organic particles) in the ETNP ODZ, we calculated Cd* to
study the relative depletion of Cd compared to phosphate,
using the same equation as Janssen et al. (2014):

Cd�¼Cdmeasured –
Cd
P

� �
deep

�Pmeasured,

where (Cd/P)deep is the ratio of Cd (expressed in nmol L�1) to
phosphate (in μmol L�1) in the deep seawater. In this study,
(Cd/P)deep is set to be 0.317 nmol μmol�1, which is the average
Cd/P ratios below 2000 m at the SAFe station in the North
Pacific (Conway and John 2015b).

In order to study the degree of Ce depletion relative to
other REEs, we calculated the Ce anomaly (Ce/Ce*) as:

Ce=Ce�¼ 3�CeN
2�LaN þNdNð Þ ,

where CeN, LaN, and NdN are normalized to Post Archean
Australian Shale values (McLennan 1989). A lower Ce anom-
aly value reflects more depletion of Ce relative to the
neighboring REEs.
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Results and discussion
Hydrologic background in the ETNP ODZ

The region is characterized by high primary production in
surface waters and a strong gradient in oxygen concentrations
below the euphotic zone. A broad ODZ is observed in the
water column between � 200 and 800 m depth, with [O2]
mostly in the suboxic range (< 5 μmol kg�1) (Fig. 2b). Above
the ODZ lies the upper oxycline, between � 50 and 200 m
depth (Fig. 2b). The lowest oxygen, and most intense denitrifi-
cation, occurs in the upper part of this zone (Tiano
et al. 2014; Fuchsman et al. 2018). There is a pronounced sec-
ondary nitrite maximum in this region over a density range of
26.2 to 26.6. This corresponds with a local maximum in salin-
ity (� 34.8 psu) corresponding to the 13�C water mass
(13CW) (Fiedler and Talley 2006), a narrow feature which
comprises the most microbially active region of denitrification
in both the north and south eastern tropical Pacific (Peters
et al. 2018; Evans et al. 2020). The situation is complicated
because of another water mass, the Northern Equatorial Pacific
Intermediate Water (NEPIW), which has a slightly higher oxy-
gen concentration than the 13CW and lies underneath it. The
boundary between them can be perturbed by eddies, leading
to apparent complexity in nitrite distributions (Evans
et al. 2020). The 13CW has outsized importance because the
density range from 26.2 to 26.6 intersects with the majority of
the continental shelf in Peru and Mexico. The persistence of
the water mass facilitates isopycnal transport from waters
overlying shelf sediments to the interior of the ODZ. This is
apparent for iodide, with a large plume of “excess” iodide
(i.e., concentrations exceeding the conservative seawater
iodine concentration) forming large offshore plumes
(Moriyasu et al. 2020). These excess iodide concentrations
were measured on cruise RR1804, providing a direct compari-
son with the metal concentrations shown here.

Sampling for trace metals with a non-clean system
We collected trace metal samples from the RR1804 cruise

using the ship’s regular CTD rosette and Niskin bottles, which
is not a standard TMC sampling technique. But previous stud-
ies have shown that ship’s regular sampling system can be
clean for some trace metals, such as Mn, Cd, and Nd (Janssen
et al. 2014; Huang et al. 2021; Zhang et al. 2021). In order to
assess the cleanliness of the ship’s regular sampling system,
we compared the RR1804 concentrations with those of
RR1805—when a TMC sampling technique was used. There
are no crossover stations between RR1804 and RR1805.
RR1805 stations are all near the shore. So, we split RR1804
samples into near-shore and offshore stations (Fig. 1) and
focused more on the comparison between the RR1804 near-
shore stations and RR1805 stations. We used two criteria to
evaluate the cleanliness of the ship’s regular sampling system:
(1) the similarity between concentration profiles from RR1804
and RR1805, and (2) the lowest and highest concentrationsT
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measured with each system (Table 2). Based on these two
criteria, we found that Cd, Ni, Mn, and LREEs (e.g., Ce) were
clean, whereas Fe, Zn, Cu, and Pb were contaminated.

Our results show that the Cd and Ni exhibit typical
nutrient-type profiles (Sclater et al. 1976; Bruland 1980; Biller
and Bruland 2012), and the Cd and Ni concentration profiles
of non-TMC samples match those of TMC samples very well
(Fig. 3), indicating that Cd and Ni are not contaminated using
the regular CTD rosette and Niskin bottles. For the RR1804
seawater samples, the lowest Cd concentration of surface sea-
water is 0.00 nmol L�1 (below the detection limit, see Table 1)
and the lowest Ni concentration of surface seawater is
2.31 nmol L�1 (Table 2), both are similar to Cd and Ni

concentrations of the oligotrophic surface seawater and again
indicate that Cd and Ni are not contaminated. For RR1804
samples, there are 6 Ni data points deviating from the main
trendline of the Ni profile at a sigma-theta of � 26.5, which
might reflect the Ni-related redox processes. However, a recent
study showed that Ni is not influenced by redox processes in
the ETNP ODZ (Yang et al. 2021). Therefore, these Ni concen-
tration outliers most likely result from contamination of Ni
during sampling and/or analysis. We chose to present these
outliers to better reflect the cleanliness of the regular CTD
rosette sampling.

The Mn profiles from RR1804 show relatively high Mn con-
centrations in surface waters, a Mn maximum in the subsurface

Fig. 2. (a) The T–S diagram of the water samples in this study. Gray diamonds illustrate different water mass end-members in the study region, includ-
ing Upper Circumpolar Deep Water (UCDW), Antarctic Intermediate Water (AAIW), Northern Equatorial Pacific Intermediate Water (NEPIW), 13�C Water
(13CW), Pacific Subarctic Upper Water (PSUW), Equatorial Surface Water (ESW), and Tropical Surface Water (TSW). Colors show the dissolved oxygen
concentrations in seawater. (b) The profiles of dissolved oxygen concentrations from all stations of cruise RR1804 in the ETNP ODZ.

Table 2. The maximum (Max), minimum (Min), and median values of trace metals of RR1804 and RR1805 samples.

Cd Ni Mn Ce Fe Zn Cu Pb
nmol L�1 nmol L�1 nmol L�1 pmol L�1 nmol L�1 nmol L�1 nmol L�1 pmol L�1

RR1804 Min 0.00 2.31 0.21 0.6 0.61 0.50 0.69 2.5

RR1804 Max 1.20 13.23 7.73 14.8 129.85 107.43 345.30 145.1

RR1804 Median 0.79 5.41 2.49 6.2 1.96 8.04 1.14 24.0

RR1805 Min 0.01 2.80 1.22 — 0.06 0.04 0.65 7.9

RR1805 Max 1.03 8.40 12.01 — 6.52 3.75 3.04 101.3

RR1805 Median 0.70 4.84 4.87 — 1.00 0.49 1.06 16.1
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seawater (at a sigma-theta of � 26.3), and the lowest Mn in deep
water where the Mn concentration can be as low as
0.21 nmol L�1 (Fig. 3; Table 2). The Mn profiles of the RR1805
stations are very similar to the RR1804 profiles, especially those
from the RR1804 near-shore stations (Fig. 3). However, it is
worth noting that seawater samples from the RR1805 cruise have
even higher Mn concentrations than RR1804 samples (Fig. 3;
Table 2), which we attribute to Stas. P1 to P4 being closer to the
shelf. Overall, the similarity between RR1804 and RR1805 sam-
ples, and the extreme depletion of Mn in deep water, show that
Mn-clean samples can be collected using the non-TMC sampling
system. The profiles of Ce are very similar to those of Mn. Data
on LREEs are not available for RR1805, but the lowest Ce concen-
tration of RR1804 samples is 0.6 pmol L�1, indicating that Ce
and other LREEs (La, Pr, and Nd) can also be sampled cleanly
using the regular CTD rosette.

Fe, Zn, Cu, and Pb appear to be contaminated using the
regular CTD rosette, based on a comparison between RR1804
and RR1805 data. Fe and Zn are obviously contaminated. Both
the lowest and highest Fe and Zn concentrations of RR1804

samples are much higher than those of RR1805 samples
(Fig. 3; Table 2). The highest Fe (129.85 nmol L�1) and Zn
(107.43 nmol L�1) concentrations of RR1804 samples are much
higher than typically reported for the global ocean (Schlitzer
et al. 2018). Even the median value of the RR1804 Fe concen-
trations is higher than typical open ocean seawater; the median
value of RR1804 Zn is similar to the deep ocean Zn concentra-
tion (Table 2) (Schlitzer et al. 2018). Cu is less obviously con-
taminated, with many of the RR1804 samples having
concentrations similar to RR1805 samples. However, there is
clearly at least sporadic contamination, with some RR1804 sam-
ples having Cu concentrations above 10 nmol L�1, which is
not consistent with oceanographic observations (Schlitzer
et al. 2018). Finally, the case for Pb contamination during sam-
pling is the most ambiguous, with most of the RR1804 samples
have concentrations slightly higher than RR1805 samples; how-
ever, there is clearly at least sporadic contamination, with some
RR1804 samples having Pb concentrations much higher than
RR1805 samples above 100 pmol L�1. Moreover, the repeatabil-
ity of Pb concentrations between the samples collected at the

Fig. 3. Trace metal concentrations compared between samples taken on the RR1804 cruise using a non-TMC sampling system, and those from the
RR1805 cruise, where a TMC sampling system was employed. Note that the concentrations of Fe, Zn, and Cu are shown on a logarithmic scale. RR1804
samples were split into near-shore (light red circles) and offshore (light gray circles) samples. RR1805 samples were shown as dark red circles. See Fig. 1
for the information of near-shore and offshore stations.
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same station at different times (Stas. 19 and 23, and Stas. 9 and
28) is poor (Fig. 1), indicating that Pb can be contaminated
using ship’s regular sampling systems.

Our results show that the ship’s regular sampling system is
clean for Cd, Ni, Mn, and LREEs. However, in this study, sev-
eral factors limited our assessment of the cleanliness of the
ship’s regular sampling system, including a lack of the
intercomparison between the TMC sampling and non TMC
sampling from crossover stations and replicate analysis by
other labs. Although our results show it is feasible to use non
TMC sampling system to study Cd, Ni, Mn, and LREEs, we
suggest that we should be conservative about this approach
and a stricter intercomparison be carried out in the near
future.

Cd in the ETNP ODZ
The distribution of Cd is similar on both the zonal and

meridional sections of the RR1804 cruise. Dissolved Cd (dCd)
concentrations are extremely low in surface seawater and
increase with depth (Figs. 3, 4). Around the halocline and
oxycline, dCd increases rapidly from surface to subsurface
waters.

The Cd* of surface seawater is about �0.05 nmol L�1 in the
ETNP. Considering that Cd is extremely depleted in surface
seawater, this simply reflects near-quantitative biological
uptake of both Cd and phosphate. There is a negative excur-
sion of Cd* around the oxycline at the sigma-theta of
� 25 kg m�3, where the Cd* can be as low as
� �0.40 nmol L�1. Below the oxycline, Cd* increases with
depth (Figs. 4, 5).

Among all the water masses in the ETNP ODZ, 13CW has
the lowest oxygen concentration (less than 1 μmol kg�1) and
serves as the best candidate to study the CdS hypothesis.
13CW is characterized by a low oxygen concentration
(< 1 μmol kg�1) and a high salinity (� 34.8 psu), so both oxy-
gen and salinity sections were plotted to help identify it
(Fig. 4). The average Cd* of 13CW is �0.06 � 0.06 nmol L�1

(2SD, n = 30) and its average dissolved oxygen concentration
is 0.79 � 0.42 μmol kg�1. The average Cd* of water samples
with oxygen concentrations less than 1 μmol kg�1 is
�0.11 � 0.14 nmol L�1 (2SD, n = 137). These average values
are not distinguishable from the Cd* of oxic surface waters,
which is about �0.05 nmol L�1 (Fig. 5), indicating no obvious
loss of Cd compared to phosphate in the oxygen-deficient sea-
water in the ETNP.

Prevalent negative Cd* values are observed around the
oxycline (also halocline) above the ODZ in the ETNP (Figs. 4,
5). Negative Cd* values can result from several potential
mechanisms, such as (1) a higher Cd :PO3�

4 export ratio (i.e.,
preferential uptake of Cd relative to phosphate) in surface sea-
water (Löscher et al. 1998; Elderfield and Rickaby 2000;
Cullen 2006); (2) a deeper remineralization of Cd than PO3�

4

(Wu and Roshan 2015); and (3) CdS precipitation (Janssen
et al. 2014). Near the oxycline, some of the very negative Cd*

values (<�0.25nmol L�1) seem to be related to the Pacific Sub-
arctic Upper Water (Fig. 5). These negative Cd* values may be
related to the preformed Cd* of surface waters in the high-
nutrient, low-chlorophyll subarctic North Pacific, where pref-
erential uptake of Cd relative to phosphate has been observed
(Löscher et al. 1998; Cullen 2006; Janssen et al. 2017). There
are a few samples with extremely low Cd* values (around
�0.40nmol L�1). These low Cd* values cannot be explained
by the preformed Cd* signature alone, and they may result
from the preferential remineralization of PO4

3� compared to
Cd above the ODZ. This is consistent with previous studies
showing that the more labile portion of bound P is
remineralized faster than Cd at shallow depths in the euphotic
zone (Bourne et al. 2018).

The Cd* minimum is also associated with the oxycline in
the open tropical South Pacific (John et al. 2018; Sieber
et al. 2019; de Souza et al. 2022). Our data confirmed this fea-
ture in the ETNP. Thus, the Cd* minimum is associated with
the oxycline throughout the tropics; the explanation of this
feature remains a mystery but may be attributable to the pres-
ence of heterotrophic prokaryotes and low-light-adapted auto-
trophic prokaryotes (Ohnemus et al. 2019; de Souza
et al. 2022). Future work is required to fully understand the
mechanism(s) of the tropical Cd loss, particularly by combin-
ing trace metal studies with microbial biological studies
through ’omics approaches, as has been suggested by de Souza
et al. (2022).

Although the ETNP ODZ seems to be a promising region to
seek confirmation of the CdS hypothesis, due to the extreme
depletion of oxygen in this region, we do not find that Cd is
depleted relative to phosphate within the most oxygen-
deficient ([O2] < 1 μmol kg�1) waters, and thus we do not find
evidence to support precipitation of CdS within ODZs. Our
work joins a growing body of literature suggesting that CdS
precipitation does not greatly impact Cd distribution in the
oceans (John et al. 2018; Yang et al. 2018; de Souza
et al. 2022).

Manganese cycling in the ETNP ODZ
Depth profiles of dissolved Mn in the ocean typically dis-

play surface enrichments attributable to external input sources
(primarily aerosol deposition and riverine input), and a rela-
tive depletion of Mn at depth due to scavenging (Landing and
Bruland 1980; Shiller 1997; Boyle et al. 2005). Although we
did observe a surface enrichment of Mn in the ETNP, this
enrichment is small compared to the subsurface maximum of
Mn within the ODZ (Fig. 6a,e).

For the zonal section of Mn, extending westward from near
the continental margin into the North Pacific, the subsurface
Mn plume exhibits a wedge shape (Fig. 6a). At Sta. 30 near the
coast, high Mn concentrations extend throughout the water
column from 100 to 800 m depth. Moving offshore, further
away from the coast, less and less high-Mn seawater is
observed at depth. At Sta. 22, the most offshore station, high-
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Mn seawater is confined to � 200 m depth. The distribution
of low-oxygen seawater (< 4 μmol kg�1 [O2]) along this same
zonal section exhibits a similar wedge shape to Mn (Fig. 6a),
such that low oxygen concentrations correspond to high Mn
concentrations, and vice versa.

Mn is released from sediments during early diagenesis
(Froelich et al. 1979; Sundby et al. 1986), as are other metals
including Fe, Co, and Ce (Bruland and Lohan 2003; Noble
et al. 2012; Morton et al. 2019), and sedimentary release is the
likely source of Mn in the subsurface plume. In the ETNP, the

Fig. 4. The zonal (left column) and meridional (right column) sections of salinity, oxygen, Cd, and Cd* in the ENTP ODZ. Gray regions indicate the con-
tinental shelf/slope regions. Station IDs are labeled above the salinity section plots. Salinity (a,e) and Cd* (d,h) sections are overlaid with dashed contours
of dissolved oxygen with contour levels of 1, 2, 4, 10, 80, and 150 μmol kg�1 labeled.
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California Undercurrent flows poleward near the continental
shelf, generating mesoscale subsurface eddies that transport
13CW water westwards (Evans et al. 2020) to facilitate the off-
shore transportation of Mn and other trace metals.

There is an overall pattern of decreasing Mn away from the
continental margin, but there are three hotspots with higher
Mn concentrations observable in the zonal section, centered at
roughly 125�W, 118�W, and 112�W (Fig. 6a). Each of these
locations also has a high percentage of 13CW based on a water
mass analysis of this zonal transect (Evans et al. 2020). Among
them, the hotspot at Sta. 28 near 112�W has the highest per-
centage of 13CW (80–100%), whereas the percentages of 13CW
in the other two hotspots are between 60% to 80%. This likely
explains why the high-Mn hotspot near 112�W has a higher
Mn concentration. Regions of high Mn concentrations are also
generally coincident with the secondary nitrite maxima and
elevated iodide concentrations (Fig. 6b,c). The nitrite enrich-
ment is often attributed to the active microbial nitrogen cycle
processes. Elevated iodide concentrations, in particular those
exceeding the average total inorganic iodine amount
(470 nmol L�1) in the ocean (i.e., excess iodine) (Luther III
et al. 1995), not only reflect in situ iodate reduction, but also
are derived from the lateral advection of iodide from reducing
shelf sediments (Farrenkopf and Luther 2002; Cutter
et al. 2018; Moriyasu et al. 2020). This indicates that Mn and
iodide share the same sedimentary source, and both the overall
pattern of high Mn concentrations between roughly 100 and
400 m depth, as well as the higher Mn concentrations in

“hotspots” can be attributed to the westward transportation of
13CW by subsurface eddies (Fig. 7), although the importance of
in situ microbial redox processes cannot be neglected.

Oxygen concentrations appear to be a key control on the
concentration of Mn in the ETNP ODZ. High Mn concentra-
tions (> 2 nmol L�1) are only observed where dissolved oxygen
concentrations are less than 4 μmol kg�1 (Fig. 6a,e). At Sta.
19, seawater with an oxygen concentration of � 4 μmol kg�1

intrudes upwards into the overlying low-oxygen seawater,
which is consistent with the upwelling of NEPIW into 13CW
(Evans et al. 2020). Waters with a higher oxygen concentration
and higher NEPIW percentage also have distinctly lower Mn
concentrations. The increase in oxygen is modest (from < 1 to
4 μmol kg�1). However, it appears that Mn is so sensitive to
oxygen that it can be influenced by even small increases in oxy-
gen concentration. Besides oxygen concentrations, 13CW and
NEPIW also have different water mass sources, different trajec-
tories that transport them to the ETNP ODZ, and different
interactions with the shelf within the ODZ. All these factors
could result in the difference in their Mn concentrations.

The insight provided by the zonal section makes it easier to
interpret observations on the meridional section. Subsurface
Mn maxima are also observed on the meridional section, char-
acterized by two hotspots, one near Sta. 9 centered at roughly
18�N and the other one near Sta. 3 centered at roughly 22�N
(Fig. 6e). The hotspot at Sta. 9 is the same hotspot as observed
at Sta. 28 in the zonal section (Fig. 6a,e), suggesting that both
hotspots on the meridional section likely originate from

Fig. 5. The Cd* values of RR1804 samples. Colors reflect oxygen concentrations (a) and Cd* values (b).
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continental shelf input. Above the Mn hotspot at Sta. 3, there
is a low Mn region around 100–150 m from Stas. 1 to 7. This
low Mn region seems to be related to the 13CW water mass
based on the salinity (Figs. 4e, 6e), but is associated with

oxygen concentrations higher than 4 μmol kg�1 (Fig. 6e). This
indicates that the low Mn region is formed by removing the
oxygen-sensitive Mn that originates from the continental
shelf input.

Fig. 6. Zonal (left column) and meridional (right column) sections of Mn, Ce, Ce anomaly, and Mn/Ce in the ENTP ODZ. Gray regions indicate the con-
tinental shelf/slope regions. Station IDs are labeled above the Mn section plots. Mn sections (a,e) are overlaid with dashed contours of dissolved oxygen
with contour levels of 1, 2, 4, 10, 80, and 150 μmol kg�1 labeled. Ce sections (b,f) are overlaid with dashed contours of iodide with contour levels of
200, 400, 600, 700, and 800 nmol L�1 labeled. Ce anomaly sections (c,g) are overlaid with dashed contours of nitrite with contour levels of 0.2, 1, and
2 μmol L�1 labeled. Mn/Ce sections (d,h) are overlaid with dashed contours of dissolved oxygen with contour levels of 1, 2, 4, 10, 80, and
150 μmol kg�1 labeled.
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Ce cycling in the ETNP ODZ
In the ETNP, Ce and Ce anomaly are highly correlated with

Mn concentrations (Fig. 7), and sections of Mn, Ce, and Ce
anomaly are quite similar (Fig. 6a–c,e–g). A high correlation

between Mn and Ce has also been observed in other regions,
such as the Cariaco Trench (de Baar et al. 1988), off the Afri-
can shelf (Zheng et al. 2016), and in the Arabian Sea (Floback
and Moffett 2021). In the zonal section, the Ce anomaly

Fig. 7. (a,b) T–S diagrams of the water samples in this study with colors showing Mn concentrations and Ce anomaly values. (c,d) The correlations
between Mn and Ce, and Mn and Ce anomaly are shown by gray lines representing linear regressions, as described by the equations and R2 values
shown on each plot. Colors indicate seawater oxygen concentrations.
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values in the subsurface Ce plume are higher than surface Ce
anomaly values (Fig. 6b,c), probably indicating that surface
and subsurface Ce have different sources and/or undergo dif-
ferent degrees of in situ redox processes. Considering the cor-
relation between Ce and Mn, we assume that shelf input
probably is also the main source of subsurface Ce. Eolian and
riverine input are likely the main sources of surface Ce and
they are characterized by a weak or the absence of Ce deple-
tion relative to the neighboring REEs (Goldstein and
Jacobsen 1988; Greaves et al. 1994). Photoreduction of manga-
nese oxides in surface seawater may also contribute to the sup-
ply of Ce to surface seawater (Sunda et al. 1983).

Although there is an overall similarity between Mn and Ce in
the ETNP ODZ, there are still some noteworthy differences
between the two. Mn concentrations decrease abruptly when
oxygen concentrations are above 4 μmol kg�1, while relatively
high Ce concentrations can still be observed in the regions
where oxygen concentrations are higher than 4 μmol kg�1 and
Mn is depleted (Fig. 6a,b,e,f), suggesting differences in their
removal from seawater in the presence of oxygen. The observa-
tion here is consistent with previous studies showing that micro-
bial Mn oxidation is three times faster than microbial Ce
oxidation (Moffett 1990). This pattern is also observed in Mn/Ce
ratios. In the zonal section of Mn/Ce, high Mn/Ce ratios are
observed near the coast and lower Mn/Ce ratios are observed at
higher oxygen concentrations (Fig. 6d), indicating that Mn is
removed from seawater more rapidly than Ce when oxygen con-
centrations increase in the ODZ seawater. In the meridional
section of Mn/Ce, a striking feature is that in the ODZ, almost all
the regions with high Mn/Ce ratios (> 0.5 nmol/pmol) are associ-
ated with oxygen concentrations less than 1 μmol kg�1 (Fig. 6h).
The Mn/Ce ratios of the lowest-oxygen seawater (< 1 μmol kg�1)
in the meridional section are similar to the shelf Mn/Ce ratio in
the zonal section, indicating that Mn and Ce in the low-oxygen
seawater originate at the continental shelf.

Finally, we note that the Mn and Ce hotspot at roughly
18�N, 110�W (Fig. 6) is next to Socorro Island, where a series
of underwater eruptions occurred at 210 m depth on its west
flank in 1993 (Siebe et al. 1995). Hydrothermal waters are usu-
ally characterized by elevated Mn and REE concentrations,
and the absence of a Ce anomaly (i.e., Ce/Ce* = 1) (Douville
et al. 1999; Resing et al. 2015). Although suspended particles
or dissolved metals from the underwater eruptions would have
been advected away long ago, diagenesis of reduced materials
deposited on the island’s flanks may continue to supply mate-
rial to the water column. Therefore, it is possible that the vol-
canic features of Mn and Ce from the underwater eruptions
three decades ago are still partially preserved here.

Conclusions
Our new results presented here, combined with the distri-

bution of iodine species (Moriyasu et al. 2020) and water mass
analysis (Evans et al. 2020), suggest that lateral inputs of

various elements within the ODZ are important throughout
the ETNP. Elevated plumes of Mn and Ce are associated with a
discrete water mass (13CW) and with subsurface eddies that
transport materials offshore within the 13CW. “Hotspots”
with elevated concentrations of Mn, Ce, and iodine were
observed on both transects and each was associated with high
percentages of 13CW water. The origin of the enrichments
within the hotspots cannot be determined conclusively, but
the co-variation with excess iodine suggests that they origi-
nate from benthic inputs at continental margins.

Shelf-released Mn is extremely sensitive to oxygen, such
that dissolved Mn appears to be quickly removed from ODZ
seawater when dissolved oxygen concentrations increase to
� 4 μmol kg�1. The concentrations of Ce are also lower in
ODZ seawater at higher [O2], though Ce appears to be less
quickly lost when small amounts of oxygen (> �4 μmol kg�1)
are present.

We do not find that Cd is depleted relative to phosphate
within the most oxygen-deficient ([O2] < 1 μmol kg�1) waters of
the ETNP ODZ, and thus we do not find evidence to support
precipitation of CdS within ODZs. Low Cd* values are observed
in the ETNP around the oxycline, which may be related to the
preformed Cd* signal of seawater originating from the subarctic
North Pacific, and the preferential remineralization of PO3�

4

compared to Cd above the ODZ. Future studies are required to
fully understand the mechanisms of the Cd loss in the
oxycline throughout the tropics.

This study employed a non-TMC sampling system, the ship’s
regular CTD rosette and Niskin bottles, to collect two high-
resolution sections of metal distribution. We found that this
approach provided samples which were clean for Cd, Ni, Mn,
and LREEs, though not for Fe, Zn, Cu, and Pb. This is potentially
valuable because it greatly expands the prospects for studies of
these elements when a TMC sampling technique is unavailable.
Despite the encouraging results here, we suggest that we should
be conservative about using non-TMC sampling technique to
study trace metals before more and stricter evaluation of it.

Data availability statement
All data generated for this study can be found in the Biolog-

ical and Chemical Oceanography Data Management Office
(BCO-DMO). The hydrographic and nutrient data of
RR1804-RR1805 are available via http://lod.bco-dmo.org/id/
dataset/779185. The iodine speciation data are available via
https://www.bco-dmo.org/dataset/776552. Trace metal data
are available via http://lod.bco-dmo.org/id/dataset/872434.
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