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Abstract Hydrogen sulfide is produced by heterotrophic bacteria in anoxic waters and via carbonyl sulfide
hydrolysis and phytoplankton emissions under oxic conditions. Apparent losses of dissolved cadmium (dCd)
and zinc (dZn) in oxygen minimum zones (OMZs) of the Atlantic and Pacific Oceans have been attributed to
metal‐sulfide precipitation formed via dissimilatory sulfate reduction. It has also been argued that such a
removal process could be a globally important sink for dCd and dZn. However, our studies from the North
Pacific OMZ show that dissolved and particulate sulfide concentrations are insufficient to support the removal
of dCd via precipitation. In contrast, apparent dCd and dZn deficits in the eastern tropical South Pacific OMZ do
reside in the oxycline with particulate sulfide maxima, but they also coincide with the secondary fluorescence
maxima, suggesting that removal via sulfide precipitation may be due to a combination of dissimilatory and
assimilatory sulfate reduction. Notably, dCd loss via precipitation with sulfide from assimilatory reduction was
found in upper oxic waters of the North Pacific. While dissimilatory sulfate reduction may explain local dCd and
dZn losses in some OMZs, our evaluation of North Pacific OMZs demonstrates that dCd and dZn losses are
unlikely to be a globally relevant sink. Nevertheless, metal sulfide losses due to assimilatory sulfate reduction in
surface waters should be considered in future biogeochemical models of oceanic Cd (and perhaps Zn) cycling.

Plain Language Summary The Pacific Ocean hosts multiple oxygen minimum zones (OMZs),
chiefly in the Northeast Pacific and the Eastern Tropical Pacific. Despite studies identifying apparent deficits of
dissolved cadmium (dCd) and zinc (dZn) relative to established relationships with macronutrients within OMZ
waters and hypothesizing that precipitation of insoluble metal sulfides is the cause, our measurements of
particulate metal sulfides are too small to support this removal hypothesis. However, we demonstrate that a
possible loss of dCd related to metal‐sulfide precipitation is actually more likely in the surface oxygenated ocean
rather than in OMZ waters.

1. Introduction
Dissolved trace elements such as iron, cadmium, and zinc are essential micronutrients for the growth of
phytoplankton in the ocean, influencing carbon cycling and global climate (Bruland & Lohan, 2006; Morel
et al., 2003). In seawater, dissolved cadmium (Cd) and zinc (Zn) have nutrient‐like distributions (Boyle
et al., 1976; Bruland et al., 1978) driven by phytoplankton assimilation in surface waters and accumulation in
deeper waters due to cellular regeneration and advection of nutrient‐rich water masses from the Southern
Ocean (Baars et al., 2014; Bruland & Lohan, 2006; Vance et al., 2017). Therefore, one‐dimensional dissolved
Cd and Zn profiles resemble those of the macronutrients phosphate (PO4

3−) and silicate (Si(OH)4), respec-
tively, and thus broadly exhibit a linear relationship to one another (Bruland & Lohan, 2006). From this global
linear metal:nutrient relationship, anomalies from the canonical dissolved Cd:PO4

3− (cadmium‐to‐phosphate)
and Zn:Si (zinc‐to‐silicate) relationships can be expressed using the ‘star’ convention (Cd* and Zn*):

Cd∗ = Cdmeasured − PO3−
4 measured ×

Cddeep

PO3−
4 deep

(1)
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Zn∗ = Znmeasured − Simeasured ×
Zndeep

Sideep
(2)

where Cdmeasured and Znmeasured are the dissolved metal concentrations, PO3−
4 measured and Simeasured are the

measured nutrient concentrations, and where the deep water metal:macronutrient ratios, Cddeep

PO3−
4 deep

and Zndeep
Sideep

, can be

set locally or globally (Conway & John, 2014; Janssen et al., 2014). Such Cd* and Zn* anomalies thus represent
local or water‐mass specific deviations of these metal‐nutrient relationships from the whole ocean values, where
positive values indicate an apparent surplus and negative values indicate an apparent metal deficit compared to
their paired macronutrients. However, it is important to note that while Cd* or Zn* are useful in indicating relative
difference in the ratio of the metals to the macronutrients in certain samples or water masses, they do not provide
any information on the reason or mechanism for this decoupling nor do they explicitly support local loss or gain of
the element.

Using Cd* and Zn* anomalies, the oxygen minimum zones (OMZ; <50 μmol kg−1) of the North Pacific (Conway
& John, 2015b; Janssen & Cullen, 2015; Janssen et al., 2014, 2019) and the North and South Atlantic (Conway &
John, 2014, 2015a; Guinoiseau et al., 2018, 2019; Janssen et al., 2014) have been identified as regions with lower
observed dCd and dZn concentrations than predicted from macronutrient concentrations. It was hypothesized
(Janssen & Cullen, 2015) that this loss could be explained by the precipitation of insoluble metal sulfides pro-
duced by dissimilatory sulfate reduction within anoxic microenvironments of sinking organic particles in the
OMZ (Figure 1). This mechanism was postulated to serve as a major sink of dCd and dZn from the global ocean
(Conway & John, 2015a; Guinoiseau et al., 2019; Janssen & Cullen, 2015; Janssen et al., 2014; Xie, Rehkämper,
et al., 2019), but recent work suggests that the explanation for the apparent dissolved metal deficits in low oxygen
environments is still being disputed (e.g., de Souza et al., 2022; Janssen et al., 2019; Sieber, Lanning, Bunnell,
et al., 2023).

Initially, the sulfide precipitation hypothesis was supported by the apparent decoupling of Cd and PO4
3− for

OMZs globally with deviations of up to −0.3 nmol kg−1 dissolved Cd* (Conway & John, 2015a; Guinoiseau
et al., 2019; Janssen et al., 2014; Xie, Rehkämper, et al., 2019); along with enrichment of isotopically light Cd
particles found at OMZ depths in the North Pacific (Janssen et al., 2019) and North Atlantic (Conway &

Figure 1. Proposed biogeochemical cycle of hydrogen sulfide in the surface ocean and underlying oxygen minimum zone
(OMZ). ΣH2S represents free, uncomplexed sulfide (H2Saq + HS− + S2−). ΣH2S is produced via OCS hydrolysis,
assimilatory sulfate reduction, dissimilatory sulfate reduction, or atmospheric interaction. ΣH2S can then react with dissolved
metals to form dissolved metal‐sulfide complexes, particulate metal sulfides, or undergo oxidation to sulfate. These reaction
pathways are shown as solid lines while dashed lines represent fluxes. Total dissolved sulfide is presented by the sum of
ΣH2S and dissolved metal‐sulfide complexes (d Zn(HS)+, etc.), whereas particulate acid‐volatile sulfide is represented by the
particulate metal‐sulfide complexes (p CdS, p ZnS, p NiS, etc.). However, it should be noted that some OMZs, like the
eastern tropical South Pacific, have OMZs that shoal into euphotic waters, and thus sulfide could be produced by both
dissimilatory and assimilatory sulfate reduction.
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John, 2015a; Janssen et al., 2014) that is associated with CdS precipitation (Guinoiseau et al., 2018; Schmitt
et al., 2009; Yang et al., 2015). However, evidence for zinc sulfide (ZnS) removal within OMZs is more equivocal
despite apparent dissolved Zn deficits previously documented within the North Pacific and Atlantic OMZs
(Conway & John, 2014; Janssen & Cullen, 2015; Janssen et al., 2014). Instead, recent studies have focused on
alternative explanations for relative dCd and dZn depletion in OMZs since several observations do not support
this sulfide precipitation mechanism as a globally important phenomenon (e.g., Janssen et al., 2019; Ohnemus
et al., 2016; Roshan & DeVries, 2021; Vance et al., 2019). These findings call into question previous in-
terpretations such as light Cd in particles as evidence for Cd‐sulfide removal (Janssen et al., 2019). However, it is
important to note that most studies to date have not evaluated whether sufficient sulfide exists in the North Pacific
OMZ to support the proposed metal‐sulfide precipitation. In fact, only the ratios of insoluble particulate acid
volatile sulfide (pAVS) to total particulate trace metals have been examined in the eastern tropical South Pacific
(ETSP; Ohnemus et al., 2016) as well as benthic fluxes of dissolved iron and cadmium coupled with hydrogen
sulfide concentrations from the Peruvian shelf (Plass et al., 2020; Schlosser et al., 2018; Xie, Rehkämper,
et al., 2019).

Although sulfide is more commonly associated with low oxygen environments and is produced via dissimilatory
sulfate reduction (Canfield et al., 2010), it is also produced in the fully oxic water column (Figure 1) via carbonyl
sulfide (OCS) hydrolysis (Elliott et al., 1987) or by assimilatory sulfate reduction within phytoplankton (Walsh
et al., 1994). This latter process likely dominates sulfide production in surface waters (Radford‐Knoery &
Cutter, 1994), but the net sulfide production depends on the biological species present and the concentration of
dissolved free metals (Walsh et al., 1994). Consequently, any dissolved, uncomplexed sulfide produced by either
of these mechanisms is available to react with metals to form dissolved metal‐sulfide complexes or may undergo
oxidation to sulfate (Jia‐Zhong & Whitfield, 1986; Millero et al., 1987; Pos et al., 1997). Dissolved sulfide can
also directly precipitate to form insoluble particulate metal monosulfides (e.g., CdS, ZnS, FeS, NiS) known as
(pAVS; Radford‐Knoery & Cutter, 1994). This pAVS term would be the particulate CdS and ZnS postulated to be
in OMZs where dissolved metal deficits have been observed. However, the exact speciation of pAVS is unknown,
although from a purely chemical argument regarding Cd versus Zn removal by sulfide precipitation, the more
polarizable nature and larger ionic radius of the Cd2+ ion (“soft” acid) would have a higher affinity for “soft”
sulfide ligands than the less polarizable (“harder”) Zn2+ ion (Pearson, 1963).

Taken together, arguments supporting a global significance of metal precipitation within OMZs have become
increasingly tenuous in light of recent studies, limiting any potential impact from CdS and ZnS precipitation to the
local or regional scale. Moreover, the recent re‐assessment by de Souza et al. (2022) identified a signal of Cd loss
within the oxycline of the shallow subsurface that is not confined to oxygen‐deficient waters but ubiquitous
throughout the tropics. Here, we present sulfide measurements alongside dissolved Cd and Zn concentrations in
the upper water column of the North Pacific and the ETSP from US GEOTRACES GP15 and GP16 transects. The
goal of this study is to evaluate whether enough sulfide exists to account for the dissolved metal deficits observed
in the North Pacific OMZ, as proposed by Janssen and co‐authors (Janssen & Cullen, 2015; Janssen et al., 2014),
as well as to explore the relationship between sulfides and dissolved metals throughout the oxic to suboxic water
column of the Pacific and parts of the North Atlantic Ocean.

2. Materials and Methods
2.1. Sampling Site

The US GEOTRACES GP15 Pacific Meridional Transect (hereafter referred to as GP15) was sampled between
56°N and 20°S along 152°W from 18 September to 24 November 2018, on board R/V Roger Revelle. Transect
profiles of dissolved oxygen (Figure 2b) and total dissolved sulfide (TDS; Figure 2d) are shown for 16 stations,
and small size fraction (0.8–51 μm) pAVS for 13 stations (Figure 2c) on GP15. For a closer examination of the
coupling between Cd, Zn, and sulfide in the N. Pacific, four GP15 stations were used (Figure 3): Station 10 (42°N,
152°W), 12 (37°N, 152°W), 14 (32°N, 152°W), and 16 (27°N, 152°W).

The US GEOTRACES GP16 East Pacific Zonal Transect (hereafter referred to as GP16) was sampled between
77.4°W and 152°W along ∼12°S from 25 October to 20 December 2013, on board R/V Thomas G. Thompson.
Transect profiles of dissolved oxygen (Figure 4b) and small size fraction (0.8–51 μm) pAVS (Figure 4c) are
shown for nine stations on the GP16 cruise. To examine the coupling more closely between Cd, Zn, and par-
ticulate sulfide in the ETSP, two stations were used (Figure 5): Station 5 (12°S, 78.2°W) and 9 (12°S, 89°W).
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2.2. Seawater Sample Collection

GP15 and GP16 water samples were collected using the US GEOTRACES trace metal sampling system (Cutter &
Bruland, 2012) with 24‐12 L GO FLO bottles mounted on a trace metal clean carousel with CTD, oxygen,
fluorometer, and transmissometer sensors. Trace metal clean sampling procedures were followed (Cutter
et al., 2017) and bottles were pressurized with 6 psi air (GP15) or nitrogen (GP16). 1.5 L of seawater from each
depth was pressure filtered directly through 0.2 μm AcroPak capsules and into 4 L polyethylene cubitainers for
dissolved sulfide analyses (Radford‐Knoery & Cutter, 1993). The cubitainers were then stored in a refrigerator
and analyzed at sea within 8 hr. Seawater for dissolved Cd and Zn concentration analyses was filtered from the
same GO FLO bottles into acid‐cleaned 250 mL Texas A&M University (TAMU) and 2 L University of South
Florida (USF) acid‐cleaned Nalgene LDPE bottles. Filtered seawater samples were acidified shipboard to
0.024 M HCl (TAMU) or back in the lab to 0.012 M HCl (USF) using ultrapure HCl, and left for at least 6 months
prior to analysis.

2.3. Particulate Sample Collection

Particulate sulfide samples were collected by P. Lam's sampling team using modified McLane in situ pumps with
two mini‐MULVFS filter holders (Bishop et al., 2012) each plumbed with their own flowmeter. One of the
holders contained a 51 μm polyester mesh prefilter and particles collected on a 0.8 μm polyethersulfone Supor
membrane filter (0.8–51 μm size fraction). The other filter holder contained the same prefilter but collected
particles on a Whatman QMA quartz fiber filter (1–51 μm size fraction; Bishop et al., 2012). Excess seawater in
the filter holders was removed using a vacuum pump within an hour of pump recovery. The Supor filters were
then subsectioned in the onboard trace metal clean lab by P. Lam's (University of California, Santa Cruz) pump

Figure 2. Sampling locations on the 2018 US GEOTRACES GP15 transect where Stations 6 (52°N, 152°W), 10 (42°N, 152°W), 12 (37°N, 152°W), 14 (32°N, 152°W),
and 16 (27°N, 152°W) are shown as red dots in panel (a). Janssen et al. (2014) and Janssen and Cullen (2015) stations P20 (49.6°N, 139.7°W) and P26 (50°N, 145°W)
are shown as yellow dots. Contoured transect profiles of dissolved oxygen (panel b), particulate acid‐volatile sulfide (pAVS; panel c), and total dissolved sulfide (TDS;
panel d) concentrations are shown with original data points shown as black dots. Station locations of interest are indicated above panels (b, c, and d). TDS concentrations
occasionally exceeded 100 pmol L−1, closer to the Alaskan shelf and Loihi hydrothermal plume. pAVS concentrations occasionally exceeded 5 pmol L−1.
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team and placed one‐eighth of the filter subsamples in cryovials that were
subsequently stored frozen at −80°C until analysis for pAVS. The whole
Supor filters had between 100 and 1,100 L filtered through them, with an
average of 400 L and thus an average effective volume of 50 L for the Supor
subsample (12.5% of each filter). For particulate 234Th samples, particles
from the pre‐filter were rinsed onto silver filters using 0.1 μm filtered
seawater. Both the silver filter and 25 mm QMA subsample filter were
measured on Risø Laboratories anti‐coincidence beta counters. The entire
QMA filters had between 300 and 1,540 L filtered through them, with an
average filtration volume of 1,100 L and therefore an average effective vol-
ume of 43 L for a 25 mm QMA subsample (3.9% of each filter). It should be
emphasized that the particulate concentrations in the study were calculated
from the actual filter volumes for each sample, and not the average.

It is important to note that even though the small sized fraction (SSF; <51 μm)
pAVS analyses were performed on a subsample of the Supor (0.8–51 μm)
filter, and SSF 234Th analyses were conducted on a subsample of the QMA
(1–51 μm) filters, it is assumed that these filters are sampling a similar
population of particles (Bishop et al., 2012). Therefore, pAVS results ob-
tained from Supor filters can be related to 234Th analyses acquired from the
QMA filters, as was done by Black et al. (2019). Large sized fraction (LSF;
>51 μm) particulate 234Th activities were obtained from the Supor prefilter
and used to estimate the unmeasured LSF pAVS flux (see discussion in
Sections 3.2 and 3.3).

2.4. Determination of Dissolved and Particulate Sulfide

At sea, dissolved samples (only measured on GP15) were acidified to a pH of
1.6 with phosphoric acid and then gas stripped, cryogenically trapped, and
quantified with gas chromatography/flame photometric detection using the
method of Radford‐Knoery and Cutter (1993). This quantifies TDS as free
sulfide (hydrogen sulfide ions) plus metal‐sulfide complexes with a 0.2 pmol
S L−1 detection limit and precision of 13.7% RSD from duplicate and trip-
licate analyses. In addition to TDS, free sulfide was measured on all surface
samples and some vertical profiles (e.g., GP15 Station 8 (47°N, 152°W))
where free sulfide was below the detection limits for all samples. It should be
noted that free sulfide detection limits vary depending on the pH, temperature,
and salinity of the solution. Using values from Station 8 (47°N, 152°W) as an
example, detection of free sulfide was limited to 3 pmol L−1 with a pH of
7.92, a salinity of 32.3, and at 15°C. This suggests that TDS was metal‐
complexed, rather than existing as uncomplexed sulfide along the entire
GP15 transect.

pAVS for the small size fraction (0.8–51 μm) was determined at sea for both GP15 and GP16 samples using
the Radford‐Knoery and Cutter (1993) procedure. This method entails placing the frozen Supor filter into a
gas stripping vessel with deionized water, acidifying to 1 M HCl, and then gas stripping, cryogenically
trapped, and quantified using gas chromatography/flame photometric detection. This method has a particle
detection limit of 0.2 pmol S, which corresponds to a relative detection limit of 0.004 pmol L−1 pAVS with an
average filtered volume of 50 L. Particulate AVS samples were analyzed mostly in single analyses; however,
previous studies report pAVS precision near 10% RSD (Cutter & Kluckhohn, 1999; Cutter & Radford‐
Knoery, 1991).

2.5. Determination of Dissolved Zn and Cd

Dissolved Zn and Cd concentrations were independently measured back on shore at both TAMU by isotope
dilution via pico‐SEAFAST and ICP‐MS, and at USF using a batch extraction method and isotope dilution

Figure 3. Vertical profiles of particulate acid‐volatile sulfide, total dissolved
sulfide (TDS), dissolved oxygen, fluorescence, derived Cd*, derived Zn*,
dissolved Cd (dCd), phosphate (PO4

3−), dissolved Zn (dZn), and silicate (Si)
concentrations collected on the 2018 US GEOTRACES GP15 transect in the
North Pacific with Station 10 (42.0°N, 152.0°W) shown in panel (a), Station 12
(37.0°N, 152°W) in panel (b), Station 14 (32.0°N, 152.0°W) in panel (c), and
Station 16 (27°N, 152.0°W) in panel (d). Error bars on TDS data indicate one
standard deviation above and below the mean for samples that were analyzed in
triplicate.
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analysis by MC‐ICP‐MS. The methods of analysis at each institution have been described in detail previously
(Conway et al., 2013; Jensen et al., 2020) with uncertainty on concentrations expressed as 2% (both institutions).
Excellent agreement was found between the two labs (see Sieber, Lanning, Bian, et al., 2023; Sieber, Lanning,
Bunnell, et al., 2023, Supporting Information). Dissolved metal concentrations were averaged from both in-
stitutions for each bottle depth for all samples except for surface Cd depths where the 4 L samples of USF
provided better accuracy than the 250 mL samples used by TAMU, and when one institution had an obvious
outlier (excluded from average). More details of methods used on GP15, and an intercomparison of the full GP15
section for Cd and Zn concentrations between three institutions can be found in Sieber et al. (Sieber, Lanning,
Bian, et al., 2023; Sieber, Lanning, Bunnell, et al., 2023); the GP15 dZn and dCd data used here are a subset of the
full sections reported in those publications.

2.6. Calculation of Dissolved Zn* and Cd*

Cd* and Zn* were calculated using Equations 1 and 2 following Janssen et al. (2014), Conway and John (2014),
and Janssen and Cullen (2015). The Cddeep

PO3−
4 deep

represents the average deep water ratio of 0.35 nmol μmol−1 taken

from Janssen et al. (2014), and the Zndeep
Sideep

represents the average deep water ratio of 0.059 nmol μmol−1 taken from

Janssen and Cullen (2015). Studies in the North and South Pacific (Janssen et al., 2014; Sieber et al., 2019) in
combination with GP15 data show that the deep Cd:PO4

3− ratio is 0.35 mmol mol−1 throughout the deep Pacific
(Sieber, Lanning, Bunnell, et al., 2023). This is similar to the globally relevant deep Zn:Si ratio
(0.064 mmol mol−1) and Cd:PO4

3− ratio (0.33 mmol mol−1) suggested by Vance et al. (2017) and de Souza

Figure 4. Sampling locations on the 2013 US GEOTRACES GP16 where Stations 5 (12.0°S, 78.2°W) and 9 (12.0°S, 89°W) are shown as red dots in panel (a).
Contoured transect profiles of dissolved oxygen (panel b) and particulate acid volatile sulfide (pAVS; panel c) concentrations are shown with original data points shown
as black dots. pAVS data are from Ohnemus et al. (2016) and occasionally exceeded 50 pmol L−1 closer to the South American coast.
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et al. (2022), respectively, but here we chose to use 0.059 and 0.35 to be most comparable to existing Pacific Zn
and Cd studies, applying the same deep ocean reference ratios to both Pacific study regions in this paper for
consistency. To assess the propagated uncertainty of Cd* and Zn*, we used the reported 1SD uncertainties in
PO4

3− (±0.02 μmol kg−1) and Si (±0.7 μmol kg−1) based on replicate measurements of their respective reference
materials (Cutter, Casciotti, & Lam, 2018), in combination with the 1SD uncertainties of Cd (±0.01 nmol kg−1)
and Zn (±0.1 nmol kg−1) based on their inter‐laboratory reproducibility (see Sieber, Lanning, Bian, et al., 2023;
Sieber, Lanning, Bunnell, et al., 2023, Supporting Information). Together, these yield a conservative estimate of
the maximum propagated uncertainty (1SD) of ±0.015 nmol kg−1 for Cd* and ±0.14 nmol kg−1 for Zn* for the
GP15 samples.

2.7. One‐Dimensional Advection/Diffusion Modeling

Removal fluxes of dCd and dZn in subsurface waters were calculated using a simple one‐dimensional advection/
diffusion model originally developed for the deep sea and allowing non‐conservative removal to be calculated
(Craig, 1969), but later adapted to compute removal rates in the upper ocean (Cutter, 1991; Cutter, Moffett,

Figure 5. Vertical profiles of particulate acid‐volatile sulfide (pAVS), dissolved oxygen, fluorescence, derived Cd*, derived Zn*, dissolved Cd (dCd), phosphate
(PO4

3−), dissolved Zn (dZn), and silicate (Si) concentrations collected on the 2013 US GEOTRACES GP16 transect in the Eastern Tropical South Pacific with Station 5
(12.0°S, 89.0°W) shown on top and Station 9 (12.0°S, 78.2°W) on the bottom. pAVS data are from Ohnemus et al. (2016) and dissolved Cd and Zn data are from John
et al. (2018).
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et al., 2018). This model assumes mixing of two end member water masses with no horizontal inputs, so it can only
be applied where there is a linear T‐S range (Figure 6). For this reason, it should be noted that it was only possible to
apply the model to two stations in the oxic subsurface waters on GP15, and two stations in the oxycline on GP16.

In the oxygenated North Pacific for GP15, the modeling efforts used two stations. The linear T‐S range for Station
12 was from 85 to 180 m and the dissolved Cd fluxes were computed over this depth range (Figure 7, top). In
contrast, the linear T‐S was from 75 to 500 m at Station 14 and the dCd losses were computed over this range
(Figure 7, bottom). However, the large gap in the pAVS data from 150 to 500 m forced us to reduce the dissolved
Cd losses to only between 75 and 150 m. For advection/diffusion calculations, 7Be‐based‐vertical eddy diffusion
coefficients, Kz, and upwelling rates (Moriyasu et al., 2023) at each station were used to compute a rate of
production/consumption, J, that was assumed to be constant over the specified depth range. The J term was then
multiplied by the depth interval to yield removal fluxes for dCd at both stations. Particulate AVS fluxes were
calculated over the same depth ranges as dissolved Cd using the 238U‐234Th disequilibrium method (Buesseler
et al., 1992) as applied to sinking particle fluxes, which combines measurements of 234Th activities and pAVS
concentrations on small particles (<51 μm).

Two stations from the oxycline in the ETSP for GP16 were also examined, where the linear T‐S range at Station 5
ranged from 75 to 600 m and at Station 9 from 135 to 625 m. However, the dissolved Cd and Zn fluxes were only
computed for the range of 75–200 m at Station 5 (Figure 8, top) and 135–200 m at Station 9 (Figure 8, bottom) to
match the pAVS flux calculations since 234Th fluxes were limited to the upper 200 m (Black et al., 2018). For

Figure 6. Temperature‐salinity (T–S) diagram with density isolines of four stations from GP15 and GP16 where 1‐D
advection‐diffusion modeling was applied. The open, red circles represent Station 12 (37°N, 152°W) from GP15, where a
linear fit (r2 = 0.9027) shown as a red line was applied over the modeled range (85–180 m). The open, blue diamonds
represent Station 14 (32°N, 152°W) from GP15 where a linear fit (r2 = 0.9904) shown as a blue line was applied over the
modeled range (75–500 m). The open, brown squares represent Station 5 (12.0°S, 78.2°W) from GP16, where a linear fit
(r2 = 0.9937) shown as a brown line was applied over the modeled range (75–600 m). The open, green triangles represent
Station 9 (12.0°S, 89°W) from GP16 where a linear fit (r2 = 0.9954) shown as a green line was applied over the modeled
range (135–625 m).
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GP16 advection/diffusion calculations, 7Be‐based‐vertical eddy diffusion
coefficients, Kz, and upwelling rates from Kadko (2017) at each station were
used to compute a rate of production/consumption, J, that was held constant
over the specified depth range as was done for the GP15 data set.

Although pAVS include CdS and ZnS precipitates, other metal sulfide pre-
cipitates are included in the pAVS fraction, such as FeS, NiS, PbS, etc.
However, the precipitates PbS, CdS, and ZnS are thermodynamically favored
due to lower solubility product constants and are more likely to precipitate at
lower sulfide concentrations (e.g., Goates et al., 1952); they are also favored
due to faster water exchange reaction kinetics (Morse & Luther, 1999).
Though, due to relevant Pb, Cd, and Zn concentrations in the Pacific, it seems
reasonable that CdS and ZnS precipitates are likely to make up the majority of
pAVS. Therefore, this study assumes that the apparent removal is the
maximum possible removal if all pAVS were bound only to Cd and Zn (for
GP16) and only to Cd (for GP15; see discussion in Sections 3.1 and 3.3).

2.8. Determination of 234Th

Total 234Th samples were collected at all stations along the GEOTRACES
GP15 (2 L samples) and GP16 (4 L samples) transects in addition to regular
underway surface sampling. Total 234Th analyses were done in accordance
with the method developed in Buesseler et al. (2001), and further detailed in
Clevenger et al. (2021). 234Th was co‐precipitated with Mn‐oxide and
collected onto a 25 mm quartz microfiber (QMA) filter and measured on Risø
Laboratories anti‐coincidence beta counters. A 230Th yield monitor was used
to determine the recovery of thorium through the chemical extraction steps.
Full 234Th results from GP16 are reported in Black et al. (2018). 238U activities
were calculated using the salinity relationship described in Owens et al. (2011):

238U(±0.047) = (0.0786 ± 0.00446) ∗ salinity − (0.315 ± 0.158) (3)

However, recent work by Xie et al. (2020) has brought into question whether
the global 238U‐salinity relationship always holds in coastal Peruvian OMZ
waters and their results indicated that using the relationship could lead to an
average underestimation of 234Th fluxes of 20% at locations in the vicinity of
GP16 Station 5. However, in contrast to the coastal conditions observed
during the austral spring‐summer 2013 GP16 campaign, Xie et al. (2020)
occupied the coastal waters under unique El Nino‐Southern Oscillation
(ENSO) and austral autumn‐winter conditions in 2017 (i.e., weak alongshore
winds, very low upwelling rates). The authors posited that the ENSO could be
a driver for uranium mobilization from shelf sediments and it is not known
whether deviations from the 238U‐salinity relationship could be persistent or
present during the neutral La Nina years. We continue to use the 238U‐salinity
relationship here, but we note the need for further study into ENSO‐driven
temporal variations in the Peruvian OMZ. The activity of 234Th in the sur-
face ocean is described by the following equation:

∂234Th
∂t

= λTh(238U−234Th) − PThz
+ V (4)

which reflects the balance between production and loss of 234Th from decay,
sinking flux, and transport. 234Th is the total 234Th activity (dpm L−1), 238U is
the 238U activity derived from salinity, λTh is the decay constant

Figure 7. 1‐D vertical advection/diffusion model was applied to observed
dissolved Cd (dCd) at GP15 Station 12 (37.0°N, 152°W, top, r2 = 0.9842)
and Station 14 (32.0°N, 152.0°W, bottom, r2 = 0.9871) to estimate the losses
of dCd to deeper waters over the modeled range. The dashed line indicates
the fit of the model to the observed dCd concentrations, which was used to
calculate the rate of production/consumption of dissolved Cd.
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(0.0288 days−1), P is the net removal of 234Th on sinking particles (dpm
L−1 d−1), and V is the sum of advective and diffusive 234Th fluxes (dpm
L−1 d−1).

The disequilibrium created between 234Th and 238U in the surface ocean
occurs when thorium attaches to sinking particles. This integrated deficit can
be used to determine 234Th export fluxes. In order to take the PThz term from
Equation 4 and apply it to a given element or compound [E] (AVS), the
following equation is needed:

PEz =
[E]

234Th
PThz (5)

where 234Th is the activity of 234Th on sinking particles, and PEz is the par-
ticulate AVS flux at depth z. While it is often assumed that the ELSF/ThLSF

(LSF particulates, >51 μm) measured at depth z is representative of sinking
particles (reviewed in Buesseler et al. (2006)), it should be noted that the
small size particle ratios have been shown to be similar to large particle ratios
(Hayes et al., 2018). Therefore, demonstrating the potential of small sized
fraction (SSF) pAVS contributing the same or more toward total pAVS
removal compared to LSF pAVS.

3. Results and Discussion
3.1. Northeast Pacific OMZ

Janssen and co‐authors (Janssen & Cullen, 2015; Janssen et al., 2014) sug-
gested sulfide precipitation removes dCd and dZn from the OMZ depths of
stations on Line P (Figure 2a) in the NE Pacific. This effect was manifested as
a reported deficiency of up to 0.5 nmol kg−1 of dZn and 0.1 nmol kg−1 of dCd
on Line P (Janssen & Cullen, 2015; Janssen et al., 2014) based on reported
Zn* and Cd* anomalies. Despite US GEOTRACES GP15 stations being
approximately 1,000 km west of Line P (Figure 2a), they share similarly low
dissolved oxygen concentrations of <50 μmol kg−1 over a 1,000 m depth
range between 30°N and 55°N, with concentrations as low as 10 μmol kg−1 at
about 1,100 m (Figure 2b). Yet on the GP15 section, we found similar
maximum apparent deficits of up to 0.1 nmol kg−1 dCd but little evidence of
dZn loss (Figure 3) at OMZ depths based on the calculated Zn* and Cd*
anomalies. In fact, Zn* was routinely positive at the depths where we would
expect to see the effects of sulfide precipitation, suggesting no significant role
for sulfide‐removal of Zn. This is consistent with the Zn* anomalies reported
in Vance et al. (2019), which attributed the observed decoupling to differing
length scales of dissolution of Zn and Si in the region, rather than in situ ZnS
precipitation. Sieber, Lanning, Bian, et al. (2023) drew similar conclusions for
Zn across the North Pacific, showing that Zn and Si are decoupled for several
reasons, including preferential uptake and regeneration, water mass signa-
tures, and reversible scavenging. Therefore, it is assumed that the positive

anomalies seen in Zn* (Figure 3) are associated with regeneration of organic matter with an elevated Zn/Si ratio.
Below this, Zn* values return to near 0, a function of moving below the depths where regeneration of high Zn
organic matter drives elevated Zn*, and not in situ Zn loss (Sieber, Lanning, Bian, et al., 2023) as ZnS precipitates.

Nonetheless, GP15 profiles exhibited slight Cd* depletions (∼−0.1 nmol kg−1) within the OMZ (>400 m) at
several stations (featured in Figure 3), similar to Janssen et al. (2014) on Line P and Conway and
John (2015b) at the SAFe Station (30°N, 140°W; approximately 1,200 km east of GP15 Station 14). Even if
metal sulfide loss is limited to Cd (and not Zn) in the North Pacific OMZ, the concentrations of pAVS
required to support such metal removal were not observed along our GP15 section: pAVS were <1 pmol L−1

Figure 8. 1‐D vertical advection/diffusion model was applied to observed
dissolved Cd (dCd) and dissolved Zn (dZn) at GP16 Station 5 (12.0°S, 89.0°
W, top, Cd: r2 = 0.7608, Zn: r2 = 0.7852) and Station 9 (12.0°S, 78.2°W,
bottom, Cd: r2 = 0.8809, Zn: r2 = 0.7280) to estimate the losses of dCd and
dZn to deeper waters over the modeled range. The dashed line indicates the
fit of the model to the observed dCd and dZn concentrations, which was used
to calculate the rate of production/consumption for each dissolved metal.
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throughout the OMZ (Figures 2c and 3) and total dissolved sulfide (TDS; dissolved free and complexed
sulfide) typically exhibited a near surface maximum of 50 pmol L−1 that decreases with depth to negligible
concentrations in the OMZ (Figures 2d and 3). Overall, the observed picomolar values of TDS and pAVS are
stoichiometrically too low to match the 0.1 nM deficit of dCd observed in the OMZ along GP15, and the dZn
and dCd deficits previously reported on Line P (Janssen & Cullen, 2015; Janssen et al., 2014), signifying that
any observed negative metal* anomalies cannot be fully explained by metal‐sulfide precipitation in this re-
gion. However, one remaining question is whether particulate CdS could have sunk to deeper waters on the
timescale of days to weeks (Coale & Bruland, 1985), preventing us from observing the particulate sulfides in
the water column. If we assume that particulate AVS fluxes exhibited similar flux attenuation as that of
carbon in the North Pacific (Buesseler et al., 2008; Martin et al., 1987), fluxes at OMZ depths (approx.
500 m) likely decreased at least 75% from the fluxes reported in the subsurface at 100 m (see Section 3.3).
Under this assumption, there could have been approximately 25 pmol kg−1 pAVS in the OMZ (apparent
deficit of dCd (0.1 nmol kg−1) x flux estimate at 500 m (25%)) at Stations 12 and 14 on GP15. This 25 pmol
kg−1 value is still 4 times too low compared to the maximum 0.1 nmol kg−1 dissolved Cd deficits to explain
the apparent dissolved metal deficits in the GP15 data set. Therefore, it is probable that sulfide precipitation
only serves as a secondary mechanism that contributes to a portion of the dissolved Cd deficit observed in the
NE Pacific OMZ, rather than the whole.

While the data examined here represent the OMZ of the NE Pacific, it should be noted that the OMZ of GP15 is
deeper than the OMZ on Line P (Janssen & Cullen, 2015; Janssen et al., 2014). Station 6 (52°N, 152°W) from
GP15 exhibits an oxygen depth profile (Figure 2b) more similar to Line P Stations P20 and P26 (Figure 2a).
Though limited, the observed pAVS values reported in the Station 6 OMZ are also too small (0.52 ± 0.49 pmol
pAVS L−1, n = 4) to explain the apparent dissolved Cd deficits observed on Line P and GP15, even when allowing
for losses by particle sinking. These data suggest that, at least in the North Pacific along GP15, dissimilatory
sulfate reduction in the OMZ does not produce sufficient sulfide to fully explain the observed dCd deficits.

Instead of sulfide precipitation, recent studies invoke a circulation artifact where the apparent dissolved metal
deficits observed in N. Pacific OMZs are likely a preformed signal from the Southern Ocean (de Souza
et al., 2022; Middag et al., 2018, 2019; Sieber et al., 2019; Xie, Galer, et al., 2019). In this respect, Roshan and
DeVries (2021) found that low‐latitude oceans have lower Cd:PO4

3− export ratios relative to the Southern
Ocean, which acts to deplete Cd relative to phosphate in the low‐latitude thermoclines. Similarly, Liu
et al. (2022) also found that up to 0.5 nmol kg−1 Cd depletion is due to change in surface Cd:PO4

3− export ratios
between samples within and outside the Angola Basin OMZ instead of Cd‐sulfide precipitation. More recently,
Sieber, Lanning, Bunnell, et al. (2023) have argued that regeneration throughout the Pacific with a lower
Cd:PO4

3− than the global mean may explain apparent negative Cd* signals in this region, as such signals are not
limited to low oxygen waters but rather span the whole eastern North Pacific, coinciding with the PO4

3−

maximum. While these studies do not rule out the precipitation of CdS and ZnS occurring in low oxygen
regions, they imply that the formation of sulfide precipitates is unlikely to be the primary controlling mech-
anism for apparent dissolved Cd and Zn deficits observed within the NE Pacific OMZ. However, it is worth
noting that the focus of this study is on small particles (<51 μm) and cannot definitively speak to the accu-
mulation of CdS within anoxic microenvironments of large (>51 μm) sinking particles within hypoxic layers
(Bianchi et al., 2018; Janssen & Cullen, 2015).

3.2. Eastern Tropical South Pacific OMZ

Comparison to a more intense OMZ, like that in the ETSP, can provide further insights into the metal‐sulfide
precipitation mechanism in different ocean regions. The coastal waters off Peru with high rates of productivity
and particle export due to upwelling (Chavez et al., 2008) host an intense OMZ. Unlike the North Pacific OMZ,
the oxygen concentrations in the ETSP reach low oxygen concentrations (<50 μmol kg−1) at very shallow depths
(Figure 4b). Previous studies (Xie, Rehkämper, et al., 2019) observed a decoupling between Cd and phosphate
within oxygen‐deficit waters, but John et al. (2018) found no evidence of large‐scale Cd* depletion in the ETSP
OMZ where oxygen has much lower concentrations than the other OMZs mentioned above and thus more
dissimilatory sulfate reduction and metal sulfide formation might be expected (Janssen et al., 2019; John
et al., 2018; Ohnemus et al., 2016). Particulate AVS data in the ETSP OMZ have been examined previously by
Ohnemus et al. (2016) who concluded that the ≤1:1 mol:mol ratio of Cd‐to‐AVS particles in the OMZ was not

Global Biogeochemical Cycles 10.1029/2023GB007881

BUCKLEY ET AL. 11 of 18

 19449224, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

B
007881 by O

ld D
om

inion U
niversity, W

iley O
nline Library on [03/04/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



enough evidence to support CdS precipitation as a means to enrich Cd in sinking particles. Instead, they hy-
pothesized (Ohnemus et al., 2016) that heterotrophs within OMZs may exhibit uniquely high Cd and Zn demands
that drive metal removal from the dissolved phase relative to nutrients. Despite this prior evaluation, the US
GEOTRACES GP16 section in the ETSP (Figure 4a) provides an opportunity to re‐examine the pAVS data
(Ohnemus et al., 2016) paired with published data for dCd and dZn (John et al., 2018) and particle flux rates using
234Th‐based sinking rates (Black et al., 2018) above and within an OMZ. These thorium data were not yet
available for the Ohnemus et al. (2016) study.

Apparent dCd and dZn deficits were calculated as part of our reanalysis of GP16 results using the same ‘star’
convention (see Section 2.6) to compare to the NE Pacific. However, we need to consider equatorial Antarctic
Intermediate Water (eqAAIW) that supplies Cd and Zn to these waters, which carries preformed southern‐sourced
Cd* (−0.1 nmol kg−1 (Sieber et al., 2019)) and Zn* signals (−0.5 nmol kg−1 (John et al., 2018)). After factoring
in the preformed eqAAIW signal, GP16 stations exhibit apparent local deficits of dCd up to 0.2 nmol kg−1 and
0.7 nmol kg−1 dZn in the OMZ at Stations 5 and 9 according to Cd* and Zn* values (Figure 5). In contrast to the
North Pacific OMZ, shallow OMZ depths in the ETSP display large peaks in pAVS (Ohnemus et al., 2016)
(Figures 4c and 5), with Station 5 showing a pAVS maximum of 264 pmol L−1 at the base of the oxycline
(Figure 5, top). Station 9 also exhibited a pAVS maximum at the base of the oxycline, although it only reached 42
pmol L−1 pAVS (Figure 5, bottom).

To quantify the losses of dCd and dZn on the GP16 transect and compare them to pAVS fluxes, removal
fluxes of dCd and dZn were calculated using the simple one‐dimensional advection/diffusion model covered
in Section 2.7 and used by Cutter, Moffett, et al. (2018) for the same stations on GP16. The calculated Zn
and Cd removal rates (Table 1) were more than an order of magnitude higher in the ETSP (GP16) than in the
NE Pacific (GP15). To compare these dissolved metal losses, particulate AVS fluxes were calculated over the
same depth ranges using 238U‐234Th disequilibrium (see Section 2.8) as applied to sinking particle fluxes. The
more coastal Station 5 saw a pAVS net removal rate of 1,268 nmol S m−2 d−1 between 75 and 200 m in the
SSF, while Station 9 had an SSF pAVS net removal rate of 49 nmol S m−2 d−1 (Table 1) between 135 and
200 m. As such, Station 5 had more than enough pAVS flux to account for the apparent removal of both dCd
and dZn in the shallow upper OMZ, while at Station 9 it could account for 16% of the apparent dissolved
removal of dCd and dZn (Table 1) as small CdS and ZnS precipitates. However, it is important to note that
these estimates of dCd and dZn removal as pAVS only account for the measured SSF that is being fluxed to
deeper waters. Therefore, our reported SSF pAVS flux is a conservative minimum since they do not include
the more commonly considered sinking (e.g., Lam et al., 2018; Lee et al., 2018) LSF particles (unmeasured).
Considering that pAVS is likely primarily composed of CdS (and possibly ZnS) precipitates, it is assumed
that the particle distribution of pAVS resembles the pattern of distribution seen for particulate Cd (Lee
et al., 2018). To address this caveat, LSF pAVS fluxes were estimated at both stations using particulate Cd
concentrations (LSF and SSF; obtained from P. Lam) alongside the LSF 234Th activities. Although all of the
dCd and dZn losses observed at Station 5 could be explained by the SSF pAVS, removal at Station 9 was
more limited. If LSF pAVS removal is considered, dCd and dZn removal via precipitation with sulfide
potentially removes an additional 1.6 nmol S m−2 d−1 at Station 9 (Table 1), accounting for 1% increase in
the estimated loss of dissolved Cd and Zn in the oxycline. These estimates suggest that the measured SSF

Table 1
Removal Rates of Dissolved Cd and Dissolved Zn (If Apparent Deficits in Cd* and Zn* Were Found) at Stations 12 and 14 on GP15, and Stations 5 and 9 on GP16

Cruise Station
Lat.
(°N)

Long.
(°W)

Depth
range (m)

Cd J term
(nmol L−1 d−1)

Cd flux
(nmol m−2 d−1)

Zn J term
(nmol L−1 d−1)

Zn flux
(nmol m−2 d−1)

Measured SSF
pAVS flux

(nmol m−2 d−1)

Estimated LSF
pAVS flux

(nmol m−2 d−1)

GP15 12 37.0 152.0 85–180 −1.4 ± 0.4 × 10−4 13 ± 4 4 1.7
GP15 14 32.0 152.0 75–150 −2.5 ± 0.2 × 10−5 2 ± 0.2 4.5 3.4

GP16 5 −12.0 78.2 75–200 −4.9 ± 0.4 × 10−4 61 ± 5 −3.8 ± 0.4 × 10−3 475 ± 50 1268 609
GP16 9 −12.0 89.0 135–200 −6.3 ± 0.3 × 10−4 41 ± 2 −4.2 ± 0.3 × 10−3 273 ± 20 49 1.6

Note. Removal rates of particulate acid‐volatile sulfide (pAVS) are reported for those four stations. It should be noted that for GP15 and GP16, only SSF pAVS was
measured, and thus, those values alone are conservative estimates as they do not factor in the sinking, large particles (unmeasured). LSF pAVS fluxes were estimated
using particulate Cd (LSF and SSF obtained from P. Lam) alongside LSF 234Th activities.
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pAVS likely makes up a larger proportion of the total pAVS (SSF + LSF) flux and thus serves a larger role
in the removal of dCd and dZn as metal‐sulfide precipitates in the shallow, upper OMZ waters, instead of the
unmeasured LSF pAVS.

These GP16 results confirm that metal removal via precipitation with sulfide is possible, but it is important
to point out that the OMZ off Peru is unique. While dissimilatory sulfate reduction has been documented
in OMZ waters (Callbeck et al., 2021; Canfield et al., 2010; Schlosser et al., 2018), the pAVS maxima
coincide with the secondary fluorescence maxima (Figure 5) (Ohnemus et al., 2016) where photosynthetic
bacteria are present (Goericke et al., 2000; Lavin et al., 2010). Thus, it is likely that some fraction of TDS
(not measured on GP16) and pAVS are associated with assimilatory sulfate reduction during photosynthesis
at these depths (Walsh et al., 1994). As a result, both assimilatory sulfate reduction (Ohnemus et al., 2016;
Walsh et al., 1994) and dissimilatory sulfate reduction (Canfield et al., 2010) may contribute to the
observed dCd and dZn losses in the ETSP, potentially explaining the contrasting patterns observed in
different OMZs.

3.3. Northeast Pacific Oxic Subsurface

In contrast to the low concentrations at OMZ depths in the Northeast Pacific, both pAVS and TDS concentrations
are highest in the upper 200 m of the water column (Figures 2 and 3), where oxygen is abundant
(>200 μmol kg−1). Unlike GP16, no evidence of dZn loss was found in the Northeast Pacific on GP15 as indicated
by Zn* (Figure 3). However, apparent dCd deficits up to 0.1 nmol kg−1 were reported at Stations 12, 14, and 16,
and up to 0.15 nmol kg−1 at Station 10 from GP15 (Figure 3) in the oxygenated subsurface. In these same waters
are where Sieber, Lanning, Bunnell, et al. (2023) reported a heavier dissolved isotope signal (δ114Cd) which
would be consistent with CdS precipitation that preferentially incorporates light Cd isotopes into the particulate
phase. Significantly, this is also where pAVS reach maxima that coincide with the local Cd* minima in the GP15
profiles (Figure 3), and therefore sinking pAVS could lead to removal of Cd in oxic waters.

To quantify the losses of dCd on the GP15 transect and compare them to pAVS fluxes, we used the same
computations as those used for the GP16 data set (Sections 2.7 and 3.2). The removal rate of dCd at Station
12 (Cd flux is 13 ± 4 nmol m−2 d−1; Table 1) was 6.5 times larger than those calculated at Station 14 (Cd
flux is 2 ± 0.2 nmol m−2 d−1; Table 1). These dissolved Cd removals could be due to sulfide precipitation or
adsorptive loss. Similar to GP16, 234Th data (Black et al., 2018) were used to calculate pAVS removal fluxes
on GP15, where Station 12 saw an SSF pAVS net removal rate of 4 nmol S m−2 d−1 between 85 and 180 m,
while Station 14 had an SSF pAVS net removal rate of 4.5 nmol S m−2 d−1 (Table 1) between 75 and 150 m.
Therefore, CdS precipitation as small pAVS could potentially explain up to 31% of subsurface dCd losses at
Station 12 and all dCd losses at Station 14 (Table 1), assuming that all SSF pAVS were bound only to Cd.
However, it is likely that some fraction of pAVS is bound to other metals such as Zn and Pb (see Sec-
tion 2.7). These other metal‐sulfide precipitates might account for a portion of the excess SSF pAVS removal
calculated at Station 14 (2.5 nmol S m−2 d−1 in excess) compared to dCd removal. Like GP16, these removal
estimates are likely underestimates of the total possible removal as pAVS since only the SSF pAVS were
measured on GP15. Considering that pAVS is likely to be predominately composed of CdS precipitates, it is
presumed that most of pAVS resides in the SSF rather than the LSF. After estimating LSF pAVS fluxes using
particulate Cd concentrations (LSF and SSF; obtained from P. Lam) and LSF 234Th activities, results suggest
that the contribution of LSF pAVS to the apparent removal of dCd in the oxic subsurface is less than that of
the measured SSF pAVS (Table 1). While all dCd losses at Station 14 can be explained by small CdS
particles, large sinking particles might also contribute to the removal of dCd observed at Station 12. Dis-
solved Cd removal via precipitation as large CdS potentially removes an additional 1.7 nmol S m−2 d−1 at
Station 12 (Table 1). Therefore, small and large pAVS could account for up to 44% of the estimated dCd
losses observed in the oxic upper water column at Station 12.

These fluxes suggest that CdS formation in near surface waters are more likely to explain the dissolved Cd deficits
in the NE Pacific rather than in the OMZ where it was originally proposed (Janssen & Cullen, 2015; Janssen
et al., 2014). Markedly, in these near surface waters is where we generally see the largest dissolved Cd deficits as
indicated by Cd*, alongside pAVS and fluorescence maxima—similar to GP16 results at Stations 5 and 9. In these
oxic surface waters, sulfide is produced from assimilatory sulfate reduction (Walsh et al., 1994) instead of the
dissimilatory sulfate reduction proposed for OMZs (Canfield et al., 2010).
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4. Conclusions
Overall, we combined sulfide and dissolved metal measurements to test the hypothesis of Janssen and co‐authors
(Janssen & Cullen, 2015; Janssen et al., 2014) that dissimilatory sulfate reduction within anoxic microenviron-
ments of sinking organic particles facilitates dCd and dZn loss via metal‐sulfide precipitation in OMZs. Within
the NE Pacific OMZ, picomolar pAVS and TDS values were too low to account for the apparent nanomolar
deficits in dCd. Thus, CdS precipitation cannot be the primary mechanism responsible for the apparent deficits of

Figure 9. Sampling locations in the oxygenated, open Pacific Ocean (panel a) where blue dots are stations west of 109°W on
the 2013 US GEOTRACES GP16 and red dots are sampling locations south of the equator on the 2018 US GEOTRACES
GP15. Contoured transect profiles of dissolved oxygen (panel b), particulate acid volatile sulfide (pAVS; panel d), derived
Cd* (panel f), and derived Zn* (panel h) concentrations from those GP15 sampling locations are shown for the upper 1,500 m
with original data points shown as black dots. Contoured transect profiles of dissolved oxygen (panel c), pAVS (panel e),
derived Cd* (panel g), and derived Zn* (panel i) concentrations from those GP16 sampling locations are shown for the upper
1,500 m with original data points shown as black dots. Zn* and Cd* profiles for GP15 were reported by Sieber, Lanning,
Bian, et al. (2023) and Sieber, Lanning, Bunnell, et al. (2023), respectively. A subset of those data were replotted in panels (f)
and (h). Zn* and Cd* profiles for GP16 (panels g and i) were plotted from data reported by John et al. (2018).
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dCd in the NE Pacific OMZ, as pointed out by others (de Souza et al., 2022; Janssen et al., 2019; Middag
et al., 2018, 2019; Sieber et al., 2019; Xie, Galer, et al., 2019). Instead, the decoupling of Cd from PO4

3− (and Zn
from Si) are likely a consequence of the physical circulation, variable stoichiometry of biological uptake, and/or
different regeneration length scales of micro‐ and macronutrients (de Souza et al., 2022; Middag et al., 2018,
2019; Sieber et al., 2019; Sieber, Lanning, Bian, et al., 2023; Sieber, Lanning, Bunnell, et al., 2023; Vance
et al., 2019; Weber et al., 2018; Xie, Galer, et al., 2019).

We speculate that the observed metal deficits in the more intense OMZ in the ETSP can be explained by a
combination of both assimilatory and dissimilatory sulfate reduction producing sulfide (Figure 1) due to the
shoaling of the oxycline into shallower waters and the euphotic zone. Together, Stations 5 and 9 from GP16
support the hypothesis that metal‐sulfide precipitation can account for at least a portion of dCd and dZn metal loss
from the water column, not only within OMZs but also from shallow oxygenated ocean layers. Even so, we cannot
speculate on whether this unique combination of assimilatory and dissimilatory processes is present in other
ocean OMZs.

However, the GP15 data set and associated flux calculations support a revised metal‐sulfide removal process that
occurs in near surface waters where the greatest apparent dissolved Cd deficits appear along with pAVS and
fluorescence maxima (Figure 3 and Table 1). The areal extent of this revised hypothesis is supported by the dCd
anomalies observed in oxygenated water globally (Baars et al., 2014; Conway & John, 2015a, 2015b; de Souza
et al., 2022; Janssen et al., 2014; Sieber, Lanning, Bunnell, et al., 2023) in the upper 300 m. Further support is
found in the oxygenated central Pacific (GP15 and GP16) where the largest dissolved Cd and Zn deficits typically

Figure 10. Particulate acid volatile sulfide (pAVS) data from the upper 1,500 m of the oxygenated Pacific Ocean on GP15 and
GP16 (from all stations shown in panel a of Figure 9), three stations (5°S, 138.3°W; 0°N, 140°W; 15°N, 152.5°W) occupied
in the central equatorial Pacific Ocean during August 1991, and two profiles from the BATS (31.8°N, 64.2°W) station in the
North Atlantic Ocean during April 1989 and March 1995 where concentrations occasionally exceed 5 pmol L−1. The pAVS
data from BATS in April 1989 were replotted from data reported in Cutter and Radford‐Knoery (1991). Particulate AVS data
from GP15 and GP16 represent only the small sized fraction (0.8–51 μm). pAVS data from BATS (1989 and 1995) and from
the central equatorial Pacific in 1991 were obtained using a 0.4 μm filter and thus included both the small and large size
particles as there was no prefilter.
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occur in the upper 500 m where pAVS concentrations are also greatest (Figure 9). Although limited, additional
sulfide data from the oxygenated N. Atlantic (Cutter & Radford‐Knoery, 1991) and central Pacific (Radford‐
Knoery, 1993) display elevated total pAVS (<0.4 μm) concentrations in the upper 200 m (Figure 10), suggesting
that Cd precipitation as sulfides might play a global role in the removal of dissolved Cd in the oxic subsurface. We
suggest that in this revised removal scenario, metals such as Cd (and perhaps Zn) are partly removed from the
water column by phytoplankton production of free sulfide (Figure 1) via assimilatory sulfate reduction as a by‐
product of photosynthesis (Walsh et al., 1994). Taken together, our results suggest that the removal of dCd and
dZn in low oxygen environments via precipitation with sulfides likely varies regionally. In contrast, the negative
anomalies in dCd, and the pAVS abundance in the oxic upper 200 m may be an important sink in upper ocean
removal on a global scale and support a revised process for metal‐sulfide precipitation in surface waters.
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Data used in this manuscript can be accessed from the Biological & Chemical Oceanography Data Management
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dissolved (https://www.bco‐dmo.org/dataset/873908 and https://www.bco‐dmo.org/dataset/873927) and partic-
ulate sulfide (https://www.bco‐dmo.org/dataset/873765 and https://www.bco‐dmo.org/dataset/873792), dis-
solved Zn and Cd measured by USF (https://www.bco‐dmo.org/dataset/883862), thorium‐234 (https://www.bco‐
dmo.org/dataset/812511), and beryllium‐7 (https://www.bco‐dmo.org/dataset/781794). Dissolved Zn and Cd
data measured at TAMU will be available on BCO‐DMO in the future but was not yet at the time of publication.
Ocean Data View (Schlitzer, 2023) was used to produce Figures 2, 4, 9 and 10.
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