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Abstract Observations of dissolved cadmium (dCd) and phosphate (PO,) suggest an unexplained loss of
dCd to the particulate phase in tropical oxyclines. Here, we compile existing observations of particulate Cd and
phosphorus (P), and present new data from the US GEOTRACES GP15 Pacific Meridional Transect to examine
this phenomenon from a particulate Cd perspective. We use a simple algorithm to reproduce station depth
profiles of particulate Cd and P via regeneration and possible subsurface accumulation. Our examination of
regeneration reveals decoupling of particulate Cd and P driven by variable partitioning between two particulate
pools with differing labilities. Further, we identify evidence for subsurface particulate Cd accumulation at 31
stations. Subsurface particulate Cd accumulation occurs most consistently in the mesopelagic tropical Pacific
but can be found in all examined ocean basins. This accumulation is not well-correlated with dissolved oxygen
or particulate sulfide concentration. Instead, we observe that particulate Cd accumulation occurs in regions
where the concentration of dCd is relatively high compared to dissolved zinc (dZn) and speculate that it is the
result of enhanced dCd biological uptake in response to the subsurface micronutrient balance.

1. Introduction

Early observations of the trace metal cadmium (Cd) noted its vertical nutrient-like distribution and strong cor-
relation with the macronutrient phosphate (PO,) (Boyle et al., 1976; Bruland et al., 1978; de Baar et al., 1994). In
the years since, expanded observation efforts have made it clear that dissolved Cd (dCd) has a dominantly
nutrient-like distribution throughout the global oceans (Baars et al., 2014; Conway & John, 2015; Conway &
Middag, 2024; Gerringa et al., 2021; John et al., 2018; Sieber et al., 2023b; Xie et al., 2015), including in margin
regions with potentially complicated trace metal dynamics (Gutierrez-Mejia et al., 2016; Hernandez-Candelario
et al., 2019; Seo et al., 2022; Tian et al., 2023; Wong et al., 2021;). The one exception to this nutrient-like
characterization is in the Arctic Ocean, where mixing dominates the dCd distribution (Zhang et al., 2019).

Overall, the nutrient-like distribution of dCd suggests that, like PO,, Cd cycling is driven primarily by biological
uptake in the surface and regeneration at depth, despite the non-essential physiological role of Cd in the
biochemical machinery of phytoplankton cells (Lee & Morel, 1995) and Cd's observed toxicity to phytoplankton
(Brand et al., 1986; Sunda & Huntsman, 1996; Tortell & Price, 1996). Precise Cd uptake mechanics remain
unclear, with some work suggesting that Cd is passively transported through cellular membranes when mistaken
for a more essential divalent metal (Horner et al., 2013). However, despite Cd's apparent toxicity, Cd can be used
to alleviate zinc (Zn) stress in some phytoplankton (Cox & Saito, 2013; Lee & Morel, 1995; Xu et al., 2007) and
specifically as a substitute in carbonic anhydrase by some diatoms (Lane & Morel, 2000). In fact, Cd uptake is
enhanced when surface dCd concentrations are high (Horner et al., 2013) and when dissolved concentrations of
other bioessential divalent metals such as iron (Fe) and manganese (Mn) are low (Cullen et al., 2003; Sunda &
Huntsman, 2000). The multifactorial influences on Cd uptake yield a wide range of cellular quotas of Cd relative
to phosphorus (P) across phytoplankton groups in different regions (Ho et al., 2003; Twining & Baines, 2013).
Consequently, the observed ratio of total particulate Cd to P (Cd:P) in the euphotic zone and exported particles
also varies widely (Black et al., 2019; Bourne et al., 2018; Roshan & DeVries, 2021).

Global dCd and PO, data compilations have been fit with a pseudo-linear correlation, recording a dCd:PO, ratio
of ~0.4 mmol:mol and a notable decrease in slope, or “kink,” at PO, concentrations below ~1.3 pM, although
global compilations in the GEOTRACES era show more regional scatter (Conway & Middag, 2024; de Baar

LAUBACH ET AL.

1 of 19


https://orcid.org/0009-0006-2924-8802
https://orcid.org/0000-0001-5510-6126
https://orcid.org/0000-0002-9829-2464
https://orcid.org/0000-0002-3069-9786
https://orcid.org/0000-0001-6609-698X
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1944-9224.GP15
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1944-9224.GP15
mailto:alaubach@ucsc.edu
https://doi.org/10.1029/2024GB008281
https://doi.org/10.1029/2024GB008281
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2024GB008281

et al., 1994). This “kink” has been explained by the influence of intermediate waters that have unique preformed
dCd:PO, ratios due to biological metal uptake in the surface ocean regions where they form (Frew & Hunt-
er, 1992). Variations in uptake stoichiometry, regeneration extent, and water mass mixing account for most dCd:
PO, observations (Chen et al., 2024; Middag et al., 2018; Quay et al., 2015; Roshan & Wu, 2015; Sieber
et al., 2023b).

However, despite our increasing understanding of dCd cycling, these processes do not fully describe some
regional patterns in dCd:PO,. Notably, decoupling of dCd from PO, has been described for several low-oxygen
regions of the ocean (Conway & John, 2015; Guinoiseau et al., 2018; Janssen et al., 2014), attributed to loss of Cd
from the dissolved phase relative to PO,. Hypotheses for the decoupling of dCd from PO, in these regions include
loss of dCd to the particulate phase via Cd sulfide (CdS) precipitation in low oxygen conditions (Janssen
et al., 2014), Cd uptake by subsurface heterotrophs (Ohnemus et al., 2017), and variable regeneration rates for
particulate Cd and P (Bourne et al., 2018). However, more recently, it has been shown that dissolved and par-
ticulate sulfides present under low-oxygen conditions of the Pacific Ocean are too low in concentration to support
observed deficits in dCd (Buckley et al., 2024). Additionally, other work has shown that many of the observed
deficits in dCd in the Atlantic and Pacific can alternatively be explained by a combination of variable stoichi-
ometry of Cd:PO, during uptake alongside water mass mixing (de Souza et al., 2022). However, dCd:PO, ob-
servations below the expected linear trend in tropical oxyclines remain unexplained (de Souza et al., 2022). In the
tropical South Pacific, where observations do suggest a removal of dCd relative to PO,, a shoaled oxycline and
fluorescence maxima combine to generate an environment where sulfide is produced by both assimilatory and
dissimilatory processes, hypothesized to facilitate dCd loss to particles such as CdS (Buckley et al., 2024).

Crucially, however, variable regeneration, CdS precipitation, and heterotrophic uptake explanations all require
consideration of dissolved-particulate partitioning of Cd relative to P, with previous studies often focusing only
on the dissolved phase. It is thus beneficial to investigate and assess these hypotheses from the particulate
perspective as well (de Souza et al., 2022). Here, we explore the effects of regeneration and subsurface particulate
Cd accumulation on particulate Cd:P profiles. We present new data from the GEOTRACES GP15 Pacific
Meridional Transect and compile existing international GEOTRACES particulate Cd and P observations from
large volume pumps and bottle filtration (GEOTRACES Intermediate Data Product Group, 2023). We then
discuss Cd:P patterns and consider the variable regeneration, CdS, and heterotroph hypotheses in the context of
the particulate data and tropical oxycline dCd:PO, observations.

2. Methods
2.1. GP15 Sample Collection

The U.S. GEOTRACES GP15 Pacific Meridional Transect sampled from the Alaskan margin (56°N) to Tahiti
(20°S) along the 152°W meridian. For a description of water mass distributions across the transect and their
influence on dCd, see Sieber et al. (2023b). Size-fractionated particulate samples were collected at 23 full-depth
stations (Figure 1) via dual flow path and large volume in situ pump filtration following standard GEOTRACES
sampling procedures (Lam et al., 2018; Xiang & Lam, 2020). For this study, samples analyzed were collected on
142 mm diameter filter holders outfitted with a 51 pm polyester mesh prefilter (Sefar; large size fraction) followed
by paired 0.8 pm polyethersulfone filters (Supor; small size fraction). We focus our analysis here on the 0.8—
51 pm small size fraction, which accounts for nearly 90% of Cd and P concentrations over the depths of interest.

2.2. GP15 Particulate Cd and P Analysis

Supor filter particles were digested using a modified refluxing method (Ohnemus et al., 2014). Modifications are
described by Xiang and Lam (2020) and summarized here. Briefly, a 1/16 slice of each filter was adhered to the
wall of a pre-cleaned 15 mL Teflon vial to prevent submersion. Then, 2 mL of ultrapure 50% HNO5/10% HF (v/v)
digestion solution was added and allowed to reflux for 4 hr at 110°C. The cooled digestion solution was trans-
ferred to secondary vials and dried, then heated in ultrapure 50% HNO5/15% H,0, (v/v) and dried again. Finally,
the samples were redissolved in ultrapure 5% HNO; and analyzed using Inductively Coupled Plasma Mass
Spectrometry (Element XR, Thermo Scientific) at the UCSC Plasma Analytical Facility. Approximately 15 mg of
certified reference materials BCR-414 (freshwater plankton) and PACS-2 (marine sediment) were digested and
analyzed alongside samples. Blanks, detection limits, and reference material recoveries are shown in Table S1 in
Supporting Information S1.
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Figure 1. GEOTRACES stations with both particulate Cd and particulate P data were compiled for investigation in this study.
Station colors correspond to the surface phosphate concentration regime based on World Ocean Atlas 2023 data (Garcia
et al., 2024).

2.3. Additional Data Compilation
2.3.1. GP15 Dissolved Cd and Zn Data

Dissolved Cd and dZn data for GP15 were compiled from Sieber et al. (2023a), and Sieber et al., 2019; see those
papers for details of sample collection, sample processing, analytical methods, and data quality.

2.3.2. Other Particulate and Dissolved Cd and P

Additional dCd and PO, data were retrieved from the GEOTRACES 2021 Intermediate Data Product (IDP;
GEOTRACES Intermediate Data Product Group, 2023). Data from particles collected via in situ pumps as
described above are referred to as pump data and were compiled for GEOTRACES cruises GP16 (Lee
et al., 2018) and GAO3 (Ohnemus & Lam, 2015). Data from particles collected via trace metal clean Go-Flo
bottles are referred to as bottle data and were available from cruises GP16 (Figure S1 in Supporting Informa-
tion S1; Ohnemus et al., 2017), GAO1 (Gourain et al., 2019; Lemaitre et al., 2020), GA03 (Lam et al., 2015),
GAO06 (Bridgestock et al., 2018), and GA10 (Figure 1; Chen et al., 2024). Bottle particles were collected on
0.45 pm Supor filters. Because of the higher sampling resolution, bottle data was used for our analysis instead of
pump data for GP16 (See Section 3.2 for discussion of bottle-pump differences). In contrast, we used pump data
for GAO3 because bottle data from that transect were limited to the upper water column. Dissolved trace metal
data were obtained from the GEOTRACES IDP for cruises GP16 (John et al., 2018), GAO1 (Tonnard et al., 2020),
GAO3 (Conway & John, 2015), and GA10 (Chen et al., 2024; GEOTRACES Intermediate Data Product
Group, 2023). Additional information about the compiled data and cruise contexts can be found in their respective
references.

2.3.3. Hydrographic Data

Because chlorophyll fluorescence and photosynthetically available radiation were not measured for all cruises,
the euphotic zone depth (1% surface irradiance) was calculated using satellite-derived diffuse attenuation co-
efficients (MODIS-Aqua 8-day average, 4 km resolution; NASA Goddard Space Flight Center, 2018) encom-
passing the sampling date at each station:
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In(0.01)
Zey = —7KD )
where z, is the euphotic zone depth and K, is the diffuse attenuation coefficient at 490 nm (Figure S2 in
Supporting Information S1). Other hydrographic data, including dissolved oxygen and PO,, were retrieved from
the GEOTRACES IDP (GEOTRACES Intermediate Data Product Group, 2023).

Each station was assigned to one of three surface nutrient regimes based on the World Ocean Atlas annual mean
surface PO, concentrations (Figure 1; Garcia et al., 2024): Low (<0.4 pmol kg_l), moderate (0.4-0.8 pmol kg_l),
and high (>0.8 pmol kg™"). These ranges were chosen based on the median value in the data set (0.404 pmol kg ™)
such that the low nutrient regime stations have PO, concentrations below the global median and the high nutrient
regime stations have PO, concentrations more than twice the global median.

2.4. Regeneration

We describe particulate Cd and P regeneration using a double exponential decay function fit to station data
profiles. Exponential decay functions were chosen because they fit observations of decreasing particulate metal
concentrations as a function of depth. Double exponential decay functions were utilized to directly describe and
compare how the concentrations of different “forms” of particulate Cd and P are represented within the total
concentration. Thus, we fit the data with a double exponential decay function on top of a constant background in
each profile, as

Cz = CO,]ab ek]ab‘Z + CO,ref ekreﬂ + Cconst (2)

where C, is the concentration at depth z, C, is the initial concentration at the base of the euphotic zone, k is the
decay constant in m™", z is depth below the euphotic zone, and C,,, is the minimum concentration at that station
determined from the data. The “lab” subscript denotes a more labile form of Cd or P, the “ref” subscript denotes a
more refractory form, and the constant form is considered inert on the timescale of particles sinking to the
seafloor. The parameters Cg 1., Cp ref> Kiap» and k¢ were fit such that C, best matched the measured data. The
parameter fits were constrained to be sensible: Cg 1, and Cy ¢ had to be positive and not exceed the highest
concentration measured at that station, and k;,;, and k.. had to be negative and not below —0.5 (see Section S1 in
Supporting Information S1 for additional discussion). An example of the double exponential fits to particulate Cd
and P as well as the resulting ratio of the fits is shown in Figure 2a.

The regeneration length scale for a pool was calculated as the inverse of its k value:

-l

and has units of m. This length scale is the e-folding depth and therefore represents the depth below the euphotic
zone at which approximately 63% of the initial particulate concentration has been removed by regeneration.

2.5. Accumulation

One of the goals of our study was to identify sites where a surplus of particulate Cd was observed compared with
particulate P. Thus, we define “excess Cd” as when the particulate Cd concentration at a specific depth is higher
than would be expected based on regeneration alone, and “Cd accumulation” as excess Cd at stations where there
is not also excess P. This rationale assumes that particulate Cd profiles are one-dimensional, are dominated by
gravitational sinking and regeneration processes, and are not affected by lateral mixing processes, primary
production, or active transport such as by zooplankton diel vertical migration. To respect these assumptions, we
used particulate P as a filter for non-Cd-specific processes and confined our analysis to depths between the base of
the euphotic zone and 2,000 m for all stations except those from GP16. For GP16, analysis was limited to the
upper 1,800 m to avoid the potential influence of a known hydrothermal plume from the southern East Pacific
Rise (Fitzsimmons et al., 2017; Resing et al., 2015), which may act to add or remove trace elements to ocean
waters, decoupling trace elements from macronutrient concentrations (Fitzsimmons & Steffen, 2024).
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Figure 2. Example vertical particle profiles depicting three different regeneration fit scenarios. (a) Particulate Cd (left), P
(center), and Cd:P (right) profiles from GP15 station 6. The dotted lines show the refractory pool portion of the regeneration
fit equation (Equation 2 ref), dashed lines show the labile pool portion (Equation 2 lab), and black solid lines show the overall
fit. There are no excess points at this station, so the original regeneration fits are shown. (b) Particulate Cd (left), P (center),
and Cd:P (right) profiles from GP16 station 13. The orange circles show excess points that were removed before refitting the
regeneration equations. The solid black line shows the overall fit (refractory and labile pool lines not shown for clarity). The
hatched areas are the total integrated Cd or P over the depth of excess incidence. The shaded orange regions are the integrated
excess. The orange number shows the percentage of the total integrated area attributed to excess. Because the excess
percentage of P is greater than 20%, this station is not considered to have Cd-specific accumulation. (c) Particulate Cd (left),
P (center), and Cd:P (right) profiles from GP15 station 33 showing Cd accumulation. Figure elements are as described in
panel (b).

Profiles where regeneration fits were able to describe a large majority of the variation in observed particulate Cd:P
(R* > 0.90) were excluded from the accumulation analysis, as their concentrations were understood to be
explained by regeneration alone (Figure 2a). For the remaining profiles, which presumably include some par-
ticulate Cd excess, we aimed to identify the depths where the particulate Cd excess occurred and then calculate the
excess compared to what was expected based on regeneration alone. To do this, we first used a systematic depth-
by-depth data removal process to identify which depths hosted excess particulate Cd concentrations, removed
those data points temporarily, and then used the remaining data for that profile to refit the regeneration-only curve
for that station. This data removal and refit process involved assigning the first particulate Cd observation below
the euphotic zone as an anchor point; therefore, it was not removed. Then, systematically, the first data point
below the anchor point was removed from the data set and the regeneration equation refitted to the remaining data
and fit statistics recorded. Then, the next deeper point was removed, and the regeneration equation (Equation 2)
refit to the remaining data and fit statistics recorded. This process was repeated for all possible single-point
removals and refits of points below the anchor point. Then, this systematic process was repeated again with a
rolling removal of two consecutive data points with refits to the remaining data, then three consecutive data points
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with refits to the remaining data. The equation fit requires a minimum of four remaining points; therefore, the
maximum number of points removed varied by data availability for each profile up to a maximum of five.

Then, after all regeneration refits for a profile were completed and statistics gathered, we selected the fit for which
the root-mean square error (RMSE) of the remaining data refit was the smallest. We refer to this chosen refit as
“apparent regeneration.” Finally, the removed data points were considered to be host excess particulate Cd if they
had higher concentrations than the apparent regeneration concentration at the same depth.

Subsurface Cd accumulation is differentiated from excess particulate Cd by controlling for non-Cd-specific
processes. To quantify subsurface Cd accumulation, we first integrated the excess particulate Cd over its
depth range of incidence and compared it to the integrated particulate Cd of the apparent regeneration curve over
the same depths. The excess points were linearly interpolated, and the depth range of incidence included the
identified excess points and the nearest adjacent non-excess points. For example, for a profile with measurements
every 100 m and excess points identified at 300 and 400 m, the range of incidence for the integration would be

200-500 m. We express accumulation as a fraction of the total integrated Cd (Cd. unitless) over the range of

xsfracs
incidence. We then assumed that excesses in particulate P beyond regeneration, calculated in the same way as
above but for P, could be used to diagnose non-Cd-specific excess processes that may present as accumulation,
such as lateral particle transport, diel vertical migration, or other processes that could lead to overall particle
accumulation. We defined a threshold whereby stations with integrated subsurface excess exceeding 20% of P
(szﬂ‘ac
mulation process (Figures 2b and 2c). Crucially, this filtering method means that high subsurface Cd:P is not itself

> (.2) indicate overall particle accumulation and were not considered indicative of a Cd-specific accu-

an indicator of particulate Cd accumulation, as a subsurface maximum in Cd:P can be accompanied by P excess
above 20% (Figure 2b).

Finally, because the double exponential fits assume that gravitational settling and remineralization are the only
processes affecting particles, the accumulation method can only be applied below the euphotic zone. Cd-specific
accumulation at or above the euphotic zone depth (median = 200 m; Figure S2 in Supporting Information S1) was
not identified. Processes within the euphotic zone are indistinguishable with these methods; all euphotic zone
uptake is encompassed within the initial concentrations (C,.s, C,,) determined by Equation 2. The euphotic zone
depth and sampling resolution thus place limits on how well we can identify the accumulation depth. The
minimum identifiable accumulation depth for each station based on the euphotic zone depth and sampling res-
olution is shown in Figure S3 in Supporting Information S1.

3. Results
3.1. GP15 Particulate Cd and P

Distributions of particulate Cd and P across GP15 generally follow the expected patterns for biomass particles:
higher concentrations in productive surface waters and declining concentrations with depth. Notably, surface
concentrations are elevated in the Equatorial Pacific and north of ~40°, reaching their maxima (55.9 pM and
118.6 nM for particulate Cd and P, respectively) in the North Pacific High Nutrient Low Chlorophyll (HNLC)
region.

The highest concentrations of particulate Cd in the equatorial region (~4 pM; Figure 3a) are within the
euphotic zone at the top of the oxycline (~100 m), and an elevated signal persists through the upper 500 m of the
water column. The much higher particulate Cd concentrations in the HNLC North Pacific (~50 pM) peak at
the surface and persist through the upper 750 m (Figure S4 in Supporting Information S1). These regions are in
stark contrast to the North Pacific subtropical gyre region, where near-surface particulate Cd concentrations are
low. Here, subsurface particulate Cd maxima (~0.6—1.4 pM) are ubiquitous between ~100 and 300 m. Particulate
P concentrations show similar overall patterns to Cd. Particulate P concentrations in the surface HNLC North
Pacific (>50 nM, Figure 3b) are generally higher than those in the Equatorial Pacific (~10-20 nM) and the
subtropical gyre (~5-10 nM). However, unlike particulate Cd, there are rarely subsurface particulate P maxima
below 50 m. While elevated particulate P concentrations do not persist below ~250 m, concentrations do remain
above detection throughout most of the section (Table S1 in Supporting Information S1).

Particulate Cd:P varies widely in the euphotic zone (mean depth 140 m, Figure S2 in Supporting Information S1;
0.03-1.47 mmol:mol, Figure 3c). Because Cd:P in the euphotic zone of the open ocean is presumably mediated by
biological uptake, Bourne et al. (2018) used a multi-linear regression to euphotic zone depth, silicate
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Figure 3. Particulate concentrations across the GP15 transect. (a) Particulate Cd concentrations in pM and (b) particulate P
concentrations in nM shown with nonlinear vertical color bar and white contours. (¢) Particulate Cd:P shown in mmol:mol
with a linear vertical color bar and dissolved oxygen concentration contours in gmol kg™',. The bar at the top of (a) shows the
surface nutrient regime associated with each station: low (<0.4 pmol kg ™", blue), moderate (0.4—0.8 pmol kg ™", dark green),
and high (>0.8 pmol kg™", light green).
concentration, and nitrate concentration to make global predictions of surface ocean particulate Cd:P. Across the
GP15 transect, station-average euphotic zone particulate Cd:P is highest in the HNLC North Pacific (0.60—
0.78 mmol:mol), moderate in the Equatorial Pacific (0.20-0.75 mmol:mol), and lowest in the gyres (0.06—
0.23 mmol:mol), a pattern that is less extreme—but broadly similar to—Bourne et al.’s prediction.
Particulate Cd:P peaks in the upper mesopelagic region throughout the transect (Figure 3c), with the highest ratios
in the oxyclines (~200—400 m) of the HNLC North Pacific (~1-2.8 mmol:mol) and equatorial regions (~0.7—
1.7 mmol:mol). Though particulate Cd:P decreases with depth below ~500 m, relatively high Cd:P (0.15—
0.30 mmol:mol) persists through ~4,000 m in these regions. In deep waters, particulate Cd:P is generally low
(0.10 £ 0.09 mmol:mol, >4,000 m, N = 63, not shown).
LAUBACH ET AL.
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3.2. Sensitivity Analysis

The GP16 transect is well-sampled with both a full-profile bottle particulate data set and a pump particulate data
set, providing an opportunity to evaluate the sensitivity of the method to two major choices: the use of bottle or
pump particulate data, and the excess Cd determination method.

3.2.1. Data Type

There are known discrepancies between bottle and pump particulate data; notably, paired samples have shown
insignificant differences in particulate Cd but significantly higher (e.g., up to ~double) particulate P concentrations
in bottles (Twining et al., 2015). Our excess point identification method is agnostic toward concentration biases
within each profile as long as any potential bias is internally consistent, that is, sampled entirely from bottles or from
pumps. However, because of the potential effects of biases in data and differences in sampling frequency on
integration, we elect to use either pump or bottle data for each cruise. Full-depth profiles of both bottle and pump
particulate data are only available for GP16. Applying the same method to both sets of data, we found particulate Cd
accumulation at seven stations using pump data (Cd,,. 28%—82%, median = 60%) and nine stations using bottle
data (Cdgac 25%—56%, median = 35%; Figure S5 in Supporting Information S1). Four of the stations with Cd
accumulation identified in the pump data are outside of the region of Cd accumulation identified using bottle data
(Figure S5 in Supporting Information S1). We attribute this to the low incidence of P excess points captured by the
pump data (4 out of 132 possible data points) compared to the bottle data (69 out of 364 possible data points), which
affects which stations are considered to have Cd-specific accumulation (Figure S6 in Supporting Information S1).
Because pump data sets have lower sampling resolution and may miss P and Cd excess, we proceed with bottle data
for GP16 assuming the higher sampling resolution favors more precise identification of Cd accumulation.

3.2.2. Excess Cd Identification Method

We used the double-exponential defined in Equation 2 for regeneration fits and refits so that we could account for
the presence of more than one “type” of particulate Cd and P with differing lability. To assess the effect of this
choice of regeneration parameterization, we compared this method of fitting the data to a regeneration curve and
identifying excesses with two other methods of excess identification using GP16 bottle data. First, we followed
Section 2.4.2 but used a single exponential equation with a constant (inert) background rather than a double
exponential to fit the data. In the single exponential parameterization, all particulate Cd or P beyond the inert
background concentration was considered equally labile. Second, we identified excess points qualitatively
through visual inspection of each profile, looking for non-monotonic changes in concentration with depth. The
qualitative, single exponential, and double exponential methods recorded 121, 86, and 90 depths with particulate
Cd excess, respectively. The single exponential method identified four stations with particulate Cd accumulation
(Cdygfrac 44%—55%, median = 50%) compared to nine stations using the double exponential method. Importantly,
the particulate Cd excess points identified by each method were similarly distributed throughout the transect both
vertically and horizontally (Figure 4), ensuring that their oceanographic interpretations are not sensitive to the
method used.

3.3. Regeneration

Of 124 possible stations across the multiple GEOTRACES sections, 19 stations do not have high enough data
resolution between the euphotic zone and 2,000 m to complete the depth removal and refit method (Figure 5, gray
dots). These stations are excluded from further analysis, leaving 105 total stations. Regeneration alone can
describe Cd:P at 10 of these stations, and an additional 19 P profiles and 16 Cd profiles were better fit by the
original complete data set regeneration curves than after removal of potential depths with excess particulate Cd or
P (Figure 5, open circles). All other stations fit with apparent regeneration equations after the removal of one or
more depths with excess particulate Cd or P (Figure 5).

When comparing labile and refractory types of particles, the median [interquartile range] initial concentration of
labile P (6.9 nM [3.4-24 nM]) at the base of the euphotic zone is significantly greater than the initial concentration
of refractory P overall (2.3 nM [1.1-6.5 nM]; Wilcoxon signed-rank p < 0.05) and across each of the three surface
nutrient regimes (Table 1, Table S2 in Supporting Information S1). The overall median initial concentration of
labile Cd (1.9 pM [0.41-13 pM]) is also significantly greater than refractory Cd ([0.60-3.0 pM]); however, this
pattern is reversed in the low surface nutrient regime (e.g., the gyres), where the initial concentration of labile Cd
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Figure 4. Excess particulate Cd depths were identified for GP16 bottle data using three different methods. Black dots show
the location of (a) excess depths identified qualitatively. Color bar shows the magnitude of Cd excess at points identified
using a (b) single-pool exponential fit or (c) double-pool exponential fit.

is lower than refractory Cd (0.75 pM [0.13-1.9 pM] and 0.92 pM [0.4-1.4 pM], respectively; Table 1, Table S2 in
Supporting Information S1).

The median regeneration length scales of labile P and Cd across all stations are 39 m [19—100 m] and 32 m [7—
100 m], respectively, while the median length scales of refractory P and Cd are 650 m [320-960 m] and 620 m
[310-940 m], respectively (Table 2, Figure 6). The regeneration length scales of labile Cd and refractory Cd are
significantly different from each other (Wilcoxon signed-rank p < 0.05, Table S3 in Supporting Information S1),
and the regeneration length scales of labile P and refractory P are significantly different from each other in all
surface nutrient regimes except high, but the corresponding P and Cd length scales are not statistically distinct
from each other (Table S3 in Supporting Information S1). There is high intra-regime and overall variability in the
length scale of each pool. The relative variability (interquartile range compared to median) is higher overall in the
labile pools (P: 2.1, Cd: 2.9) than in the refractory pools (P: 0.98, Cd: 1.0) but varies across nutrient regimes.
Notably, the relative variability in regeneration length scale is high for labile Cd in the low surface nutrient regime
(8.9, Table 2). Overall, the regeneration length scales for Cd and P vary between pools and regions, but both labile
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Figure 5. Map of stations with excess particulate Cd (black circles), stations with identified Cd accumulation (orange circles),
and stations where Cd is controlled by regeneration only (best fit occurred without removal of any depths; open circles). Fits
without depth removal included stations where depth removal was not attempted because initial fits were highly correlated to
Cd:P (R* > 0.9) and stations where after applying the depth removal method the initial regeneration fit still had the lowest
root-mean square error. Stations with insufficient data to perform the depth removal method are shown with gray dots. Blue
arrows highlight stations also shown in Figure 2.
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Table 1
Initial Concentrations of All Apparent Regeneration Pools and Fraction of Each Element That is Initially Partitioned Into the
Refractory Pool

Initial concentrations

Surface phosphate P, [nM] P, [nM] Cd,,, [PM] Cd,¢ [PM] Frac P, ¢ Frac Cd,;
Low (<0.4 pmol kg™ 5.1 1.7 0.75 0.92 0.23 0.5
N 58 58 58 58 58 58
25th Percentile 2.4 0.85 0.13 0.4 0.11 0.22
75th Percentile 11 3.7 1.9 1.4 0.35 0.92
IQR/median 1.7 1.7 24 1.1 1.0 1.4
Moderate (0.4-0.8 pmol kg™ ") 13 3.2 9.3 2.8 0.21 0.24
N 37 37 37 37 37 37
25th Percentile 6.2 1.9 24 1.6 0.14 0.16
75th Percentile 36 9.7 17 44 0.36 0.48
IQR/median 2.3 2.4 1.6 1.0 1.0 1.3
High (>0.8 pmol kg™) 22 6.4 17 14 0.22 0.07
N 10 10 10 10 10 10
25th Percentile 6.9 1.5 13 0.86 0.12 0.04
75th Percentile 30 8.2 33 6.3 0.54 0.32
IQR/median 1.1 1.0 1.2 3.9 1.9 4.0
All 6.9 23 1.9 1.3 0.21 0.34
N 105 105 105 105 105 105
25th Percentile 34 1.1 0.41 0.6 0.12 0.15
75th Percentile 24 6.5 13 3 0.39 0.73
IQR/median 3.0 23 6.63 1.82 1.3 1.71

Note. Bold values are medians. All units are as shown, except IQR/median and the fractions refractory, which are unitless.

pools have significantly shallower regeneration length scales than refractory pools. Differences between Cd and P
are not as clear as the differences between labile and refractory pools.

Though particulate Cd and P are coarsely linearly correlated in this compiled data set (Figure 7; R* = 0.51, slope
a =0.370 = 0.008 SE, p < 0.0001), there is considerable variation in the ratio, especially compared to the much
stronger global correlation between dissolved Cd and phosphate (e.g., Roshan & DeVries, 2021, Figure S7 in
Supporting Information S1). Particulate Cd:P varies across three orders of magnitude both within the euphotic
zone (0.001-1.98; median = 0.21 mmol:mol), where variation may be expected due to differences in phyto-
plankton uptake and stoichiometry (Twining & Baines, 2013), and below the euphotic zone (0.002-6.77; me-
dian = 0.29 mmol:mol). This results in nonlinear Cd:P profiles; for example, subsurface Cd:P maxima and
secondary maxima are common at stations across all cruise transects. At 45 out of 105 stations, local differences
in apparent regeneration of Cd and P cause some of this variability in particulate Cd:P (e.g., Figures 2a and 2c).
This variable regeneration effect is seen at stations regardless of whether there is excess Cd or evidence of Cd
accumulation, suggesting that both regeneration and accumulation influence the overall observed Cd:P.

3.4. Accumulation

Most stations have depths with excess particulate Cd (75% of 105 stations) or P (72%). As noted in Section 2.4.2,
excess and accumulation points cannot be identified within the euphotic zone using our methods. Overall, 19% of
particulate Cd measurements and 16% of particulate P measurements between the euphotic zone and 2,000 m are
identified as hosting excess metals beyond those fitting the regeneration curves. The median depth of excess
particulate elements for Cd (350 m [230-500 m]) and P (300 m [200—430 m]) are similar and within the upper
mesopelagic region (Table 3). The median excess concentrations are 0.99 pM [0.46-2.0 pM] and 1.7 nM [0.8—
4.7 nM] for Cd and P, respectively (Table 3).

LAUBACH ET AL.

10 of 19



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2024GB008281

Table 2

Apparent Regeneration Length Scales for All Pools

After excluding stations that also had high excess P (Figure 5, black circles),
31 stations showed evidence of subsurface Cd accumulation (Figure 5, orange

Regeneration length scales, m

circles). Cd accumulation is most densely clustered in the mesopelagic

Surface phosphate

Plalb

(400 m; Table 3), the Equatorial Pacific, and the Eastern North Atlantic but

P cd,,  Cd

ref ref can be found in every cruise transect. Particulate Cd accumulation is most
Low (<0.4 pmol kg™ 44 750 21 630 common at stations in the low surface nutrient regime (N = 23) but is also
N 56 54 55 53 identified at stations in the moderate surface nutrient regime (N = 8). We do
25th Percentile 18 290 4 470 not identify particulate Cd accumulation at any stations in the high surface
i e 180 1.200 190 850 nutr.lent regime, de.splte the presence of excess p.amculate.Cd at ma.my of these
stations (N = 7; Figure 5), because excess particulate P is also high at these
UL = 12 8.9 Y stations (median P,,,. = 0.41), pointing to a particle-concentration process
Moderate (0.4-0.8 pmol kg™") 36 520 40 570 that is not specific to Cd. Accumulation ranges from 1% to 95% (me-
N 36 31 36 33 dian = 33% [25%—41%]) of particulate Cd over the depths of incidence at
25th Percentile 11 370 11 270 stations where it is identified (Figure 8).
75th Percentile 79 820 73 970 . .
IQR/median 1.9 0.9 1.6 12 4 Discussion
High (>0.8 pmol kg™") 49 370 61 890 4.1. GP15 in Context
oy 9 8 10 9 Dissolved Cd and PO, data from GP15 suggest a preferential, yet unex-
25th Percentile 33 39 35 200 plained, removal of dCd compared to PO, in the equatorial mesopelagic
75th Percentile 120 740 120 1,120 (~250-500 m; Sieber et al., 2023b). Here, elevated particulate Cd:P ratios and
IQR/median 1.8 1.9 1.4 1.0 identified subsurface particulate Cd accumulation at similar depths as these
All 39 650 3 620 stations provide additional evidence for a local preferential Cd uptake
process.
N 100 93 100 95
25th Percentile 19 320 7 310 In contrast, dCd data from the HNLC North Pacific region of GP15 show a
75th Percentile 100 960 100 940 depletion of dCd near the surface and a surplus at 150400 m relative to PO,
. (Sieber et al., 2023b; Figure 9e). At these sites, high particulate Cd in the
IQR/median 2.1 0.98 29 1.0

surface, elevated particulate Cd:P from 100 to 400 m, and the absence of

Note. Bold values are medians. All units in meters except for IQR/median,
which is unitless. Pools that are functionally inert (length scale >10,000 m;
Cd: N = 14; P: N = 16) are not included.

identifiable subsurface particulate Cd accumulation suggest a regeneration-
dominated paradigm. In agreement with the mechanism proposed by Sieber
et al. (2023b), the low surface dCd can be explained by the influence of
preferential surface dCd uptake into high-Cd particles that then remineralize
in the shallow subsurface and resupply dCd. The preferential Cd uptake at the surface may occur in response to
low concentrations of other trace metal micronutrients, as has been suggested in analogous HNLC regions
(Abouchami et al., 2014; Baars et al., 2014; Sieber et al., 2019).

Interestingly, the apparent regeneration equations of particulate Cd and P at these stations combine to reproduce a
strong subsurface maximum in particulate Cd:P (e.g., Figures 2a). Thus, if the subsurface particulate Cd:P is
greater than the surface waters' particulate Cd:P, despite the preferential uptake of Cd into surface cells, then
subsurface respiration must be preferentially regenerating P compared to Cd. In the absence of other influences,
we would expect a coincident minimum in subsurface dCd:PO,, as it would replenish relatively more PO, than
dCd. Instead, the dCd:PO, data shows the opposite: a maximum at the same depths in this region (Sieber
et al., 2023b; Figure 9e). This suggests that the particulate Cd concentration in cells on the surface of the HNLC
North Pacific is sufficiently high to impart an elevated dCd signal in the upper mesopelagic via regeneration
despite the preferential regeneration of particulate P occurring at the same depths.

4.2. Cd:P and Variable Regeneration

Both the labile and refractory particulate pools assessed here are considered biogenic, as they are regenerated with
depth following the principles of biogenic matter. Because our calculations of regeneration length scales of labile P
and Cd are not significantly different, and the length scales of refractory P and Cd are not significantly different, our
analysis does not suggest that the two elements are stored in particulate matter pools with inherently different
labilities; labile Cd is approximately as labile as labile P; likewise, refractory Cd is approximately as refractory as
refractory P (Table 2, Table S3 in Supporting Information S1). Yet, the subsurface maxima in Cd:P suggest variable
regeneration. These observations can be explained by differences in the partitioning of particulate Cd and P into the
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Figure 6. Boxplots depicting regeneration length scales for each pool in different surface nutrient regimes and overall. Pools
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N = 4). For the number of stations in each pool, see Table 1.

refractory pool. The fraction of the total initial Cd concentration in the refractory pool (34%) is significantly higher

than the fraction of the total initial P concentration in the refractory pool (21%, Table 1, Table S2 in Supporting

Information S1). As the different pools are regenerated with depth, the relative partitioning into the refractory pool

changes. The labile pools regenerate over a short length scale, becoming less dominant with depth. Eventually, the
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Figure 7. Correlation between particulate Cd and P concentrations for all data included in our compilation (stations are shown
in Figure 1), colored by depth. Inset panel zooms in on concentrations less than 8 pM and 5 nM of Cd and P, respectively.

LAUBACH ET AL.

12 of 19



I .¥Yedl . .
N\\I Global Biogeochemical Cycles 10.1029/2024GB008281

ADVANCING EARTH
AND SPACE SCIENCES

remaining particulate material is dominated by the refractory pool. The depth

Table 3
Excess Point and Cd Accumulation Depths and Concentrations at which this occurs depends on both the regeneration length scales and the
Excess points S Cd excess Cd accumulation initial Partltlonlng into th(? refractory pool. A station with m?dlan initial con-
centrations and regeneration length scales would have particulate Cd and P
Depth 300 350 400 nearly entirely (>99%) partitioned into the refractory pool by ~170 and
N 191 236 85 ~240 m below the euphotic zone, respectively. The overall lability of partic-
25th Percentile 200 230 300 ulate Cd or P therefore varies with depth as a function of the partitioning be-
75th Percentile 430 500 600 tween pools. This suggests a depth-dependence to the variation in regeneration
IQR/median 077 078 075 between particulate Cd and P, rather than a constant regeneration ratio.
Concentration 1.7 0.99 0.60 The apparent regeneration length scales derived here bookend those predicted
N 191 236 85 for a single pool by Roshan and DeVries (2021): the labile length scale
25th Percentile 0.80 046 038 (~35 m below euphotic zone) is shorter than their prediction (Cd'~ 450 II.l;
. P ~ 390 m) and the refractory length scale (~640 m below euphotic zone) is
75th Percentile 4.7 2.0 12 . .. . . .
_ longer than their prediction. They also predict a Cd:P regeneration ratio that
U0 et fan = 15 L& varies with depth. Thus, their model could simulate the overall regeneration
Note. Bold values are medians. All depths given in meters. P excess con- of both pools combined.
centrations are in nM; Cd excess and Cd accumulation concentrations are in
pM. Excess and accumulation concentrations are calculated point-wise as 4.3. Cd Accumulation

offset from apparent regeneration fit.

Evidence of particulate Cd accumulation is seen most consistently in the

tropical Pacific (Figures 5 and 8) where it aligns with regions of low dCd:PO,
(Figures 9e and 9f). Our identification of Cd accumulation in this region supports previous arguments for a loss of
dCd to the particle phase between ~200 and 600 m by Ohnemus et al. (2019) and ~200-400 m by de Souza
et al. (2022) in their analyses of the GP16 transect. Interestingly, however, we also find evidence of particulate Cd
accumulation outside the tropics. We thus hypothesize that the Cd accumulation process is not unique to low
latitude oxyclines but may also occur in other regions where it is not easily resolvable in dCd observations due to its
small contribution to the dCd budget compared to the larger influences of, for example, water mass mixing. Our
analysis here cannot pinpoint the mechanism of this Cd accumulation process; however, patterns in identifiable
particulate Cd accumulation can help support or refute hypothesized mechanisms.

4.3.1. Oxygen and Acid Volatile Sulfides

Early hypotheses for a particulate Cd accumulation process suggested that precipitation of CdS in oxygen mini-
mum zones or sinking particle microenvironments might explain dCd and PO, decoupling (Bianchi et al., 2018;
Janssen et al., 2014). Since then, the role of CdS precipitation in setting global dCd:PO, patterns has been the
subject of debate (de Souza et al., 2022), and previous studies of oxygen deficient zones in GP16 and the Kuroshio-
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Figure 8. Map of stations with identified Cd-specific accumulation. Stations are colored according to the fraction of
particulate Cd attributed to Cd accumulation over the depths of incidence (Cd, ). All other station locations are shown in
smaller gray dots.
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Figure 9. Section plots showing identified Cd accumulation across (a, ¢, and e) GP15 and (b, d, and f) GP16. Stations east of 100W in GP16 often have excess particulate
Cd (Figure 5) but are not considered Cd-specific accumulation because excess particulate P is also high (Figure S6 in Supporting Information S1). Methodological
constraints limit detection of Cd accumulation in this region below ~200 m (Figure S3 in Supporting Information S1). Particulate Cd accumulation in pM (a, b) with
contours showing dissolved oxygen concentration in pmol kg™",. Ratio of dCd to dZn (c, d) with contours showing particulate Cd accumulation incidence. Calculated
Cd* (e, f) with contours showing particulate Cd accumulation incidence. We calculate Cd* following Janssen et al. (2014), where Cd* is the deviation in dCd:PO,
relative to a reference ratio of 0.35 mmol:mol.

Oyashio Extension do not show dCd deficiency (Johnetal.,2018; Yangetal.,2018). We find that dissolved oxygen
is not well-correlated with excess particulate Cd (R*=0.02, p =0.07) or identified Cd accumulation (R*=0.08,
p = 0.015). Further, particulate Cd accumulation is not confined to oxygen minimum zones or low-oxygen waters
(Figures 9a and 9b), suggesting that it is not driven exclusively by low ambient dissolved oxygen concentrations.

In a recent analysis of particulate acid volatile sulfide concentrations (pAVS), which include CdS and other
sulfides, Buckley et al. (2024) found maximum pAVS in the shallow subsurface (<250 m) of stations from GP15
and GP16. These maxima are shallower than regions of identified Cd accumulation in our study (Figure 9) and
were largely attributed to sulfide produced during assimilatory sulfate reduction during photosynthesis along
GP15. For the GP16 transect, Buckley et al. (2024) asserted that pAVS could contribute to the decoupling of dCd:
PO, but cannot account for the full removal of dCd at all stations. They reported especially elevated pAVS in the
eastern part of the section (east of 100W), where we found particulate Cd excess but not accumulation (Figure 5).
In a region where we do find particulate Cd accumulation (110-120W), Buckley et al. (2024) found elevated
PAVS throughout the upper 500 m, likely related to both assimilatory and dissimilatory sulfate reduction. Due to
the depth limitations of our methods, however, we cannot identify Cd accumulation at depths shallower than
~200 m (Figure S3 in Supporting Information S1), so we are unable to identify CdS precipitation related to
assimilatory sulfides in surface waters. However, at the depths where we can apply our methods, we find no
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significant correlation between pAVS and excess particulate Cd from the same pump filters (N = 21; p = 0.74);
thus, we conclude that an alternative process is needed to explain Cd-specific accumulation into particles at depth.

4.3.2. Dissolved Trace Metals and Mesopelagic Uptake

Enhanced Cd uptake by phytoplankton in the euphotic zone has been linked to high concentrations of dCd
(Twining & Baines, 2013) and low dissolved concentrations of other divalent bioactive trace metals, notably Fe
and Zn (Cullen et al., 2003; Cullen & Sherrell, 2005; Lane et al., 2009; Sunda & Huntsman, 2000). Cd uptake in
response to low Fe concentrations may be nonspecific (Horner et al., 2013) as Cd is not known to alleviate Fe
stress. In contrast, Cd can substitute for Zn in the carbonic anhydrase enzyme (Lane & Morel, 2000; Xu
et al., 2007) and can partially alleviate Zn stress (Cox & Saito, 2013; Lee & Morel, 1995). Cd uptake may
therefore be expected to be elevated when dCd concentrations are high compared to dZn and when carbon fixation
rates, and thus the requirement for carbonic anhydrase, are high (Morel et al., 2020).

To our knowledge, the substitution of Cd for other trace metals in the mesopelagic has not been studied. Dissolved
Cd and dZn both increase with depth, but this increase generally occurs closer to the surface for dCd than dZn. In
both GP15 (Sieber et al., 2023a, 2023b) and GP16 (John et al., 2018), depths of high dCd:dZn often coincide with
identified Cd accumulation (Figures 9c and 9d). Building on the ideas of Ohnemus et al. (2017, 2019), we hy-
pothesize that in the mesopelagic region, as in the surface, a biological uptake mechanism is driving the Cd
accumulation process in response to this balance of dissolved trace metals. As hydrocarbon-degrading marine
bacterial activity has been shown to be stimulated by Fe and Zn additions (Baltar et al., 2018), and recent work has
shown evidence for mesopelagic Fe limitation (Li et al., 2024), we further speculate that particle-associated
microbes (Baltar et al., 2009) may be driving subsurface Cd accumulation in response to micronutrient stress.
More work is necessary to conclusively link mesopelagic pCd and Zn demand.

5. Limitations

This work is limited primarily by the steady-state, one-dimensional assumption necessary for the apparent
regeneration equation fits. There are several processes that do not fit this assumption, including the effects of
lateral transport processes, diel vertical migration, and temporal variability in production. While particles do not
have the same long “memory” as water masses, the slow sinking speed of small particles (~0.4—1 m d~'; Amaral
et al., 2024; Xiang et al., 2022) means that the particles assessed here have likely been in the water column for
timescales of months to years and may thus record temporal variation. All of these processes could contribute to
points of excess Cd and P within individual station profiles, and we attempted to differentiate between general
particulate excess and Cd-specific accumulation through our application of the depth removal method to par-
ticulate P. Still, despite a conservative effort to discount stations with >20% excess particulate P for the positive
identification of particulate Cd accumulation, we cannot fully exclude the influence of these other processes.

6. Conclusions

In this study, we apply a simple depth-removal algorithm to particulate Cd and P data to identify locations with
evidence of subsurface particulate Cd accumulation. Using fits to double exponential decay equations at each
station, we characterize the apparent regeneration of labile and refractory pools of particulate Cd and P. We
present and include new particulate data from the GEOTRACES Pacific Meridional Transect, GP15.

Compiled particulate Cd and P are more poorly correlated compared to the strong correlation between dissolved
Cd and PO, (Figure S7 in Supporting Information S1), resulting in highly variable Cd:P. Individual profiles often
have a subsurface maximum in Cd:P, which is thought to be explained in part by variable regeneration of Cd and P
(Bourne et al., 2018). The apparent regeneration parameters derived here suggest that variable Cd:P regeneration
can at least partially explain subsurface Cd:P maxima at many stations and is driven by differences in the fraction
of each element that is partitioned into the refractory pool.

At some stations with excess particulate Cd, variable regeneration alone does not explain the elevated Cd:P, and
mesopelagic particulate Cd accumulation must be invoked. We find evidence of subsurface particulate Cd
accumulation at 31 out of 105 stations, representing every cruise transect in the data compilation. While par-
ticulate Cd accumulation is most coherently clustered in the equatorial Pacific, where it was predicted based on
dCd analyses (Figures 9¢ and 9f), we hypothesize that it is driven by a more ubiquitous mesopelagic process that
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may not be easily resolvable in dCd data. We note that the typical depth of excess Cd and identified Cd accu-
mulation falls near the cutoff depth (~300 m) used to differentiate between uptake-driven surface dCd dynamics
and regeneration and circulation driven deep water dCd dynamics (Roshan & Wu, 2015; Matthias Sieber
et al., 2023b), potentially obfuscating its visibility in dCd analyses.

Though typically located in oxyclines, subsurface particulate Cd accumulation is not well correlated with dis-
solved oxygen concentration or pAVS, suggesting that it is not primarily due to CdS precipitation. We find that
particulate Cd accumulation in the equatorial Pacific also coincides with regions of relatively high dCd compared
to dZn and hypothesize that accumulation could be the result of enhanced biological Cd uptake in the mesope-
lagic, perhaps in response to the subsurface trace metal micronutrient balance.

Our analysis lends support to the proposed loss of dCd to the particle phase in the upper mesopelagic Equatorial
Pacific and suggests that this process also occurs in other regions. Individual particulate Cd:P profiles can be
described through a combination of the effects of variable regeneration and this subsurface particulate Cd
accumulation feature. Though this study improves our understanding of the linkages between particulate and dCd
observations, more work is needed to conclusively identify the drivers and mechanisms of the particulate Cd
accumulation process. Specifically, studies exploring potential subsurface micronutrient stress and the balance of
dissolved trace metals in the mesopelagic will improve our understanding of possible enhanced biological trace
metal uptake.
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Particulate Cd and P data from the GP15 transect can be downloaded from the Biological and Chemical
Oceanography Data Management Office (BCO-DMO; Lam et al., 2024a, 2024b). The dissolved Cd and Zn data
from GP15 are combined measurements from USF, USC, and TAMU as reported by Sieber et al. (2023a, 2023b),
respectively. The USF dataset is currently available on BCO-DMO (Conway et al., 2022a, 2022b). Additional
data from GP15: particulate sulfide (Cutter & Buckley, 2022a, 2022b). Data from GP16: dissolved Fe, Cd, Zn
(Wu, 2017); particulate sulfide (Cutter, 2020); pump particle concentrations (Lam, 2017); bottle particle con-
centrations (Sherrell et al., 2016). Data from GAO3: dissolved Fe, Cd, Zn (John, 2016) and pump particle con-
centrations (Lam, 2018). Data from GAO1, GA06, and GA10 are available via the GEOTRACES Intermediate
Data Product (2023). An example implementation of the depth removal and fitting algorithm used in this
manuscript is available (Laubach, 2024). Ocean Data View (Schlitzer, 2023) was used to produce Figures 3 and 9,
Figures S1 and S4 in Supporting Information S1.
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