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The Cd concentrations and isotope compositions of open ocean surface waters are generally thought
to be governed by internal cycling, and particularly by the balance between upwelling of more Cd-rich
deeper water masses and Cd uptake by phytoplankton. Here we present a new dataset of coupled Cd
isotope compositions and concentrations for seawater depth profiles sampled in the western tropical
Atlantic Ocean during Leg 2 of the GEOTRACES GAQ2 section. A box model for the Cd source and sink
fluxes of the oligotrophic surface waters of the study area shows that the observed light Cd isotope
compositions and low Cd concentrations are a consequence of biological Cd uptake and atmospheric
deposition of isotopically light anthropogenic Cd. Aerosols enriched in anthropogenic Cd thereby
contributed at least 19%, and possibly more than 45%, to the dissolved surface water Cd inventory
during the sampling period. This reveals that anthropogenic emissions of volatile Cd can have a key
impact on the distribution of Cd in open ocean surface waters.

Cadmium is a trace element with a marine distribution that is closely cor-
related with that of the nutrient PO,’", as both have low dissolved con-
centrations in surface waters and higher concentrations at depth'~. The
similar distributions suggest that Cd may be a marine micronutrient, such
that the low surface water Cd concentrations are a consequence of biological
uptake. The mechanism of Cd uptake remains unclear, but evidence sug-
gests that Cd may substitute for Zn or Co in the enzyme carbonic anhydrase
under Zn-limited conditions’. Some marine diatoms have a Cd-cofactored
carbonic anhydrase, allowing them to substitute Zn or Co with Cd™".
Alternatively, or in addition, non-specific uptake of Cd can occur if phy-
toplankton are unable to differentiate the element from other essential
divalent metals®’. Regardless of the exact mechanism, it is evident that in the
surface ocean, there is net removal of isotopically light Cd by
phytoplankton®’, in agreement with culture experiments'®"". Closed-system
Rayleigh fractionation has been used to describe the Cd isotope fractiona-
tion recorded in high nutrient low chlorophyll (HNLC) surface waters,
where Cd is rapidly removed from the surface waters by biological
uptake'”™"”. In contrast, open-system steady state conditions were employed
to account for Cd isotope fractionations in regions where the removal of
dissolved Cd from the surface ocean is balanced by inputs via the upwelling

of deeper water masses"'*". Following uptake and incorporation into
biomass, Cd is subsequently released into the dissolved phase through
remineralization in oxyclines”. The regeneration of Cd and P is not always
fully linked, leading to subsurface Cd:P maxima and distributions of par-
ticulate Cd that are not strictly coupled to PO,>~ or O,”'. Despite these
complexities, biological uptake and remineralization remain key in shaping
Cd and PO, distributions in the ocean™”.

In the deeper ocean, recent Cd isotope studies of seawater have pro-
vided new insights into the interplay between biological and physical pro-
cesses in the biogeochemical cycling of Cd'****. Cadmium has a long, but
uncertain, oceanic residence time, estimated at between 2 x 10* years™ and
3 x 10° years™. This results in relatively uniform Cd isotope compositions
for waters from depths >2000 m, with a mean §'*Cd value of 0.25 + 0.04%o
(1SD, n=538; 8'"Cd is the relative deviation of the "*Cd/"°Cd ratio
determined for a sample from the NIST SRM 3108 Cd isotope reference
material in parts per 1000) for a global deep water dataset that excludes the
North Atlantic". The deep North Atlantic, which is dominated by North
Atlantic Deep Water (NADW), has a slightly but significantly elevated
8'"*Cd 0f0.43 £ 0.09%o (1 SD, n = 215)*****”", This higher §'**Cd value most
likely stems primarily from the shallow NADW source waters of Labrador
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Sea Water, Iceland-Scotland Outflow Water, and Denmark Strait Overflow
Water, which are expected to be isotopically heavy from biological uptake of
Cd near the surface™'***”. In addition, the §"“Cd signature of NADW may
reflect inputs from Antarctic Intermediate Water and Subtropical Mode
Water, as the latter have relatively high §"*Cd values, which they can
imprint on NADW as they move northward and mix**".

While processes within the ocean’s interior influence the marine Cd
distribution, external inputs, such as atmospheric deposition and riverine
inputs, are unlikely to have a clear impact on basin-wide or global scale deep
waters due to the long residence time of Cd in the ocean interior**>.
However, such inputs could affect Cd distributions in surface waters, where
Cd concentrations are generally low and Cd has a much shorter residence
time of months to years®”. Sieber et al. 2023" recently inferred that the
relatively light Cd isotope compositions (with §"*Cd = 0%o) observed in
low-Cd surface seawater samples from the equatorial Pacific Ocean along
the GEOTRACES GP15 section reflect the combined effects of biological
uptake, which lowers Cd concentrations, and atmospheric deposition,
which supplies isotopically light Cd. This conclusion is supported by Cd
data for leachates of 10 aerosol samples collected along the section, which are
strongly enriched in Cd and characterized by &'"'Cd values of
—1.91 £ 0.39%o to —0.07 £ 0.25%o. Such characteristics do not appear to be
unusual, as aerosol samples collected along the GA03 section in the North
Atlantic and the GA06 section in the Eastern Tropical Atlantic also featured
high Cd contents, most likely from anthropogenic emissions, with §"*Cd
values of between —0.54 + 0.13%o and 0.19 + 0.21%o0""*. Notably, biological
uptake of Cd in surface waters typically leaves the remaining dissolved Cd
pool isotopically heavier, while the input and solubilization of anthro-
pogenic Cd, which is often isotopically light, could balance this effect. This
interplay between biological fractionation and external inputs may therefore
provide an explanation for low Cd concentrations coupled with light Cd
isotope signatures of surface waters.

As for riverine Cd, major rivers have variable Cd concentrations and,
based on limited data, Cd isotope compositions that are influenced by local
geological and biogeochemical settings, and anthropogenic inputs™. For
instance, relatively pristine Siberian rivers exhibit Cd concentrations ran-
ging from 0.02 to 0.06 nmol kg, with a mean §"“Cd of 0.2 +0.1%o, the
boreal Kalix River in Sweden has a higher [Cd] of 0.24 nmol kg~'and alower
8"Cd of —0.38 + 0.10%o, whilst the acid mine drainage-affected Odiel and
Tinto Rivers in southern Spain revealed variable Cd concentrations of
between 230 and <1 nmol kg, depending on proximity to the estuary, but
uniform §"“Cd values of about 0.02%0”". These findings highlight the
heterogeneity of riverine Cd inputs, with variations in riverine Cd con-
centrations significantly exceeding those observed in surface seawater
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Fig. 1 | Sampling locations for seawater depth profiles analyzed in this study
along the central part of the GEOTRACES section GA02 (Leg 2; cruise PE321).

The map was produced using Ocean Data View’*. The arrows indicate the pre-
dominant wind directions in the area.

(1 x 107* to 0.8 nmolkg™")”. Such variable riverine Cd could locally
influence Cd distributions and isotope compositions in coastal and adjacent
surface waters, even if their impacts on the open ocean remain limited™.

Here, new coupled Cd isotope and concentration data are presented for
seawater from four stations in the western tropical North Atlantic Ocean
that were sampled during Leg 2 of GEOTRACES section GA02 (cruise
PE321, 13 June to 4 July 2010) to investigate the processes that impact their
distributions. The new results show that horizontal mixing plays a dominant
role in shaping the distribution of Cd in deep waters within this hydro-
logically complex region, where water masses from the Northern and
Southern Hemispheres converge. At thermocline and intermediate depths,
the relative contributions of remineralization and mixing processes are
evaluated to explain the variations in Cd concentrations and isotope com-
positions. Whilst the upwelling of Cd-rich deeper waters is generally
thought to be the main source of Cd to the surface waters™”, the light Cd
isotope compositions found in the study area suggest that atmospheric
sources, highly influenced by anthropogenic activities, strongly impacted
the Cd inventory of the surface waters in this oligotrophic open ocean
region.

Results

Hydrography

The hydrography of the GA02 Leg 2 section in the western North Atlantic
Ocean is extensively described in previous publications™’~. In this study,
we applied an adapted version of the extended optimum multiparameter
(eOMP) model originally developed by Middag et al.’, which builds on the
framework of Tomczak et al. (1981)*. Our adaptation incorporates five
tracers—potential temperature, salinity, NO; ", Si and O, (see Supplemen-
tary Note 1), and the effects of remineralization. The model results of the
eOMP analysis indicate that the main water masses present in the region are
North Atlantic Central Water (NACW), South Atlantic Central Water
(SACW), AAIW, Upper Circumpolar Deep Water (UCDW), NADW, and
Antarctic Bottom Water (AABW) (Figs.1 and 2, Supplementary Fig. 1 and
Supplementary Note 1).

Cadmium concentrations and isotope compositions

The Cd concentration and isotope depth profiles for Stations 21, 30, 36, and
40 along the GA02 Leg 2 section display consistent patterns for both Cd
concentrations and 8'“Cd (Figs. 2 and 3; Table 1). In the top ~100 m, all
profiles are characterized by low Cd levels and particularly low §*Cd, with a
subsurface §'*Cd maximum observed at between 101 and 200 m depth. In
detail, the Cd concentrations of the surface waters in this study (with depths
of about 25 to 100 m) range from 0.4 x 10~ to 3.0 x 10~ nmol kg, with
isotopically lighter Cd (8"*Cd between —0.42 + 0.37%o and 0.37 + 0.17%,
n=8) compared to deeper waters (§"*Cd between 0.25+0.02 and
0.63 +0.05, n = 38). Subsurface waters, particularly within the main ther-
mocline and intermediate waters of NACW, SACW and AAIW/UCDW at
depths of about 100 to 1000 m, exhibit Cd concentrations that generally
increase with depth from 0.012 to 0.63 nmol kg™' and show higher §'"*Cd
values of between 0.45 and 0.61%o. At depths exceeding ~1000 m, both Cd
concentrations and 8'*Cd align closely with water masses distribution.
Northern-sourced water of NADW is characterized by Cd concentrations of
0.30 + 0.05 nmol kg~ and §'*Cd values of 0.41 + 0.08%o (2 SD, n = 14). In
contrast, higher Cd concentrations of 0.61 +0.02 nmolkg " and lower
8"Cd of 0.27 + 0.04%o (2 SD, n = 2) are found at depth at the southernmost
Station 40 within the AABW layer. The impact of the AABW layer is seen to
a lesser extent at the northernmost stations (Figs. 2 and 3; Table 1).

Discussion

As shown above, the GA02 seawater samples from Stations 21, 30, 36, and 40
along the western boundary of the North Atlantic encompass water masses
from both the Northern and Southern Hemispheres (Figs. 1 and 2). The
control of water mass mixing on deep water Cd concentrations and isotope
compositions was described previously for the South Atlantic Ocean. For
this ocean basin, the observed Cd isotope variations were shown to reflect
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Fig. 2 | Distributions of a Cd concentrations, b §'"“Cd, c phosphate concentra-
tions, and d oxygen concentrations, along the GA02 Leg 2 transect. Distributions
of a Cd concentrations, b §'*Cd, ¢ phosphate concentrations, and d oxygen con-
centrations, along the GA02 Leg 2 transect. The white contours represent different
values of the variables. AABW Antarctic Bottom Water, AAIW Antarctic

20°N

EQ 10°N 30°N

Intermediate Water, NACW North Atlantic Central Water, NADW North Atlantic
Deep Water, UCDW Upper Circumpolar Deep Water. The map was produced using
Ocean Data View’". The [Cd] and §"*Cd data are from this study, whilst the
phosphate and oxygen concentrations are from the GEOTRACES Intermediate

Data Product (IDP2021v2)*.

the mixing proportions of NADW, AABW, and AAIW, highlighting the
dominant role of large-scale ocean circulation in shaping Cd isotope dis-
tributions in the deep ocean””. The current study provides a particularly clear
illustration of the systematic Cd isotope variations with latitude for the deep-
water flow along the western boundary of the tropical North Atlantic, where
water from the Northern Hemisphere moves southward and water from the
Southern Hemisphere moves northward (Fig. 2). In addition to horizontal
mixing of water masses, remineralization acts to release Cd from biological
particles back into the dissolved form in the oxygen minimum layers of the
western Atlantic Ocean’.

To quantify the impact of horizontal mixing and remineralization in
the study area, the eOMP model was coupled with Monte Carlo simulations
(Supplementary Note 1)**". The relative proportion of each water mass
present was obtained from the eEOMP model (Supplementary Figs. 1 and 2)".
Each water mass was thereby assigned an endmember Cd concentration and
8'Cd value, based on the best available data (Supplementary Table 1). For
water masses formed in the North Atlantic, datasets from GA02 Leg 2 are
used. For NACW, formed through winter subduction at the southern flank
of the Gulf Stream®, the closest available Cd values are from GA02 Leg 2
Station 21 (31.7°N, 64.2°W). Formation of NADW is initiated by subduc-
tion of surface waters at high latitudes in the North Atlantic Ocean®.
However, due to the lack of direct '*Cd data for the formation region, the
closest available Cd data are also from GA02 Leg 2 Station 21, which are used
asendmember NADW Cd values. Datasets from the western South Atlantic
cruise GA02 Leg 3 are employed to define the Cd endmember values of the
South Atlantic-sourced water masses SACW, AAIW, UCDW, and
AABWY. South Atlantic Central Water is formed in the region near the
South American coast between 30°S and 45°S*, and its endmember com-
position is based on data for samples from GA02 Leg 3 Station 6 (40.0°S,
42.4°W)". The formation of AATW and AABW involves the subduction of
HNLC surface waters in the Polar Frontal Zone and near the Antarctic coast,
respectively. In contrast, UCDW originates from the subduction and
northward advection of Circumpolar Deep Water, which upwells around
Antarctica. For AAIW, UCDW, and AABW, the closest available end-
member Cd values are from GA02 Leg 3 Station 2 (48.9°S, 48.7°W)".

The Cd endmember values and the proportions of each water mass
present at each location, as derived with the refined eOMP—Monte Carlo
approach” (Supplementary Note 1), were used to predict the Cd

concentrations and isotope compositions based on water mass mixing alone
for all samples below the surface water. The calculated results from the
eOMP-Monte Carlo model, denoted as [Cd]ymix and 8"*Cdeimix) are
compared with the measured data (denoted by the subscript “meas”) in
Fig. 3 (see details in Supplementary Table 2). Overall, the model reproduces
the observed Cd concentrations and §'"“Cd values very well at depths
exceeding 1002 m, confirming that conservative mixing dominates the Cd
distribution at these depths as shown in Fig. 3. Similar to the results obtained
using the original eOMP approach for the full GA02 section’, the modeled
[Cd]cai(mix) Values are significantly lower than the measured concentrations
[Cd] meas for samples collected at depths that record a strong deficiency in
dissolved oxygen concentrations, O,-def, with O,-
def = [O3] cat(mix) = [O2)meas Notably, at these depths the §'"*Cde.s and
8"*Cd cal(mix) values are either identical within error or very similar (Fig. 3).
The clear discrepancy between calculated Cd concentrations from water
mass mixing and measured Cd concentrations only at depths with low
dissolved oxygen concentrations, is indicative of remineralization of organic
particles, which release dissolved Cd back into the ocean™”.

The Cd concentration that is contributed by remineralization,
[Cd] emin» can be determined from [Cd] peas and [Cd]caymix:

[Cd]remin = [Cd]meas - [Cd]cal(mix) (1)

Calculations that apply Eq. (1) indicate that the concentration of
remineralized Cd ranges from 0.03 to 0.31 nmol kg™, contributing 22-86%
([Cd] emin/ [Cd]imeas) of the total measured Cd inventories for samples where
mixing calculations indicate an oxygen deficiency (i.e., high O,-def; Sup-
plementary Table 2). This demonstrates that remineralization is an
important source of dissolved Cd in the study area at depths with O,-def
values higher than 100 umol kg (Fig. 3). The observation that conservative
water mass mixing alone appears sufficient to account for the observed
8"*Cd eqs Values suggests that the remineralized Cd had a similar isotope
composition to that contributed by conservative mixing. This inference is
explored below.

As 8"Cd data for biological particles are not available for the
GAO02 section, the remineralized §"*Cd, denoted as 8"*Cd,emin, is best
estimated based on an open-system steady state model for the upper
Atlantic Ocean. The data available for North Atlantic thermocline and
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Fig. 3 | Depth profiles of Cd concentrations, §''“Cd and dissolved oxygen defi- represent the measured data and the modeled [Cd] cai(mix) and 8"*Cd qi(miy) values

ciency O,-def for samples of this study. Top row: Cd concentrations; middle row:  from eOMP-Monte Carlo model, respectively (see text for details). The gray shaded
8'""Cd, and bottom row: O,-def (see text for definition). Diamonds represent Station  regions highlight the high oxygen deficiency zone associated with remineralization.
21, squares represent Station 30, triangles represent Station 36, and inverted triangles  The error bars for [Cd] and §'“Cd denote the 1sd and 2sd precision, respectively.

represent Station 40. The black and blue symbols in the top and middle panels
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Table 1 | Cadmium concentrations and isotope compositions, as well as temperatures, dissolved O, concentrations and water
mass assignments, for the GA0O2 Leg 2 seawater samples analyzed in this study

Station Longitude (°E) Latitude (°N) Depth (m) Temperature (°C)? Oxygen [Cd] §"Cd (%)  2sd® n° Water mass*
(umol kg ')* (nmol kg™)

21 —64.2 31.7 25 21.7 225 0.003 0.09 0.3 1 SSwe
21 —64.2 31.7 150 18.3 214 0.012 0.61 0.2 3 NACW
21 —64.2 31.7 253 18 210 0.02 0.58 0.09 2 NACW
21 —64.2 31.7 398 17.5 208 0.03 0.57 0.09 2 NACW
21 —64.2 31.7 790 10 148 0.32 0.46 0.04 8 NACW
21 —64.2 31.7 1249 4.7 244 0.27 0.45 0.04 4 NADW
21 —64.2 31.7 1749 3.9 258 0.27 0.44 0.04 4 NADW
21 —64.2 31.7 2501 3.2 255 0.29 0.42 0.04 4 NADW
21 —64.2 31.7 3500 23 263 0.3 0.39 0.04 4 NADW
21 —64.2 31.7 4249 2.2 259 0.34 0.36 0.04 5 NADW
21 —64.2 31.7 4525 2.2 256 0.36 0.34 0.03 5 NADW
30 —57.6 18.6 20 28.8 197 0.0005 —0.16 0.41 2 SSwW
30 —57.6 18.6 50 27.3 206 0.0007 —0.42 0.37 1 SSwW
30 —57.6 18.6 101 25.5 197 0.0004 0.03 0.3 1 SSwW
30 —57.6 18.6 249 20.9 158 0.01 0.6 0.31 2 NACW
30 —57.6 18.6 401 14.5 131 0.16 0.56 0.05 8 NACW
30 —57.6 18.6 749 7.7 129 0.48 0.46 0.05 7 AAIW/UCDW
30 —57.6 18.6 998 5.8 160 0.46 0.44 0.02 2 NACW
30 —57.6 18.6 2000 3.5 251 0.28 0.44 0.03 3 NADW
30 —57.6 18.6 3001 2.7 253 0.31 0.43 0.02 3 NADW
30 —57.6 18.6 4501 2.1 251 0.38 0.34 0.03 4 AABW
30 —57.6 18.6 5003 1.9 244 0.46 0.32 0.02 4 AABW
36 —48.9 7.8 25 28.6 194 0.0015 0.37 0.17 1 SSwW
36 —48.9 7.8 50 28.4 196 0.0017 0.34 0.17 1 SSwW
36 —48.9 7.8 101 20.8 137 0.06 0.63 0.05 3 NACW
36 —48.9 7.8 201 10.3 121 0.36 0.58 0.1 2 SACW
36 —48.9 7.8 300 8.7 129 0.44 0.51 0.04 7 SACW
36 —48.9 7.8 501 6.9 122 0.56 0.5 0.04 6 SACW
36 —48.9 7.8 1002 4.9 149 0.56 0.44 0.04 7 AAIW/UCDW
36 —48.9 7.8 1500 4.4 218 0.34 0.44 0.04 4 NADW
36 —48.9 7.8 2001 3.6 252 0.28 0.42 0.04 4 NADW
36 —48.9 7.8 3000 2.7 253 0.31 0.38 0.04 5 NADW
36 —48.9 7.8 3749 2.3 258 0.32 0.37 0.04 4 NADW
36 —48.9 7.8 4250 2.2 254 0.35 0.35 0.04 5 NADW
40 —-39.7 1.1 27 28 195 0.0013 0.25 0.38 1 SSwW
40 —-39.7 1.1 7 271 189 0.0019 0.26 0.12 3 SSW
40 —-39.7 1.1 151 15.1 156 0.14 0.58 0.06 4 NACW
40 —-39.7 1.1 251 12.6 146 0.22 0.58 0.06 4 SACW
40 —-39.7 1.1 403 8.5 138 0.44 0.51 0.04 7 AAIW
40 —-39.7 1.1 1002 4.6 153 0.63 0.45 0.07 7 AAIW/UCDW
40 —-39.7 1.1 1501 4.6 189 0.31 0.44 0.07 6 NADW
40 —-39.7 1.1 1999 4 244 0.28 0.42 0.04 5 NADW
40 —-39.7 1.1 3002 3 251 0.31 0.33 0.06 5 NADW
40 —-39.7 1.1 4001 2.5 255 0.35 0.34 0.05 6 NADW
40 —-39.7 1.1 4365 1.4 233 0.6 0.28 0.09 7 AABW
40 —39.7 1.1 4417 1.2 226 0.62 0.26 0.05 7 AABW

The temperature and oxygen concentration data are from the GEOTRACES Intermediate Data Product (IDP2021v2) *".

2 x standard deviation was calculated from nindividual sample measurements. If n was <2, the 2sd precision was calculated from repeated bracketing analyses of NIST SRM 3108 Cd solutions in the same
measurement session.

°Number of individual Cd isotope runs; the quoted §'"*Cd values are mean results.

“The definition of water masses is from the revised eOMP model (Supplementary Note 1), and the assignment represents the water mass with the highest calculated proportion.

°SSW denotes the surface waters.
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8"Cd cat(mix | remin)PlOtted against measured [Cd]. Measured §'"*Cd e, data are
represented by full colored circles with black borders, modeled 8"*Cd aimiy) values
based on water mass mixing from the eOMP-Monte Carlo model are shown as open
circles with colored borders, whilst the calculated 8'*Cd i(mix + remin) values from
water mass mixing + remineralization (see Eq. 2 in main text) are denoted by crosses
with colored borders. The errorbars for §'*Cd are 2sd. The symbol colors represent
the dissolved oxygen deficiency, O,-def (see text for definition). Only data for
samples from depths between 101 and 1002 m are plotted in the figure. The data
sources are provided in Supplementary Table 2. The errorbars for §''*Cd denote the
2sd precision.

intermediate waters of this and previous studies are thereby in excellent
accord with a steady state model, if this applies an initial Cd concentration of
0.6 nmol kg ', an initial §'*Cd 0.45%o, coupled with a biomass-seawater Cd
isotope fractionation factor Qyio/sw = Rbiomass/Rseawater Of 0.9998, for
R=""Cd/"°Cd (Supplementary Note 2 and Supplementary Fig. 3)"""**.
The model results in a §'**Cd value of 0.45%o for biological particles when
more than 99% of the dissolved Cd is removed from seawater by biological
uptake. Whilst the estimate of §"*Cd ey, = 0.45%o exceeds the only directly
measured particulate §'"*Cd values for the North Atlantic (0.11 + 0.31%o,
28D, n=5), the difference is minor considering the measurement
uncertainties’.

Following the addition of remineralized Cd with §"“*Cd e, = 0.45%o,
the Cd isotope composition that is expected for a water mass mixture that
was also affected by subsequent remineralization, 8'*Cdaimix + remin)» €20
be calculated as:

6114Cdcal(mix+remin) = ([Cd]cal(mix) X 6114Cdcal(mix) + [Cd]emin X 6114Cdremin)/ [Cd] eas
(2)

After  accounting for  remineralization, the calculated
8" Cdcal(mix + reminy values deviate only slightly from the measured
8" Cd peas results, typically by less than —0.11%o (Fig. 4, Supplementary
Table 2). This shows that due to the limited extent of biological isotope
fractionation, remineralization had only a minor impact on the Cd isotope
signatures of the sampled subsurface waters in the western tropical Atlantic.
This conclusion is in accord with the results of Guinoiseau et al.'”, who used
a similar approach to estimate a 8'"*Cdemin of 0.36%o to 0.56%o for the
eastern South Atlantic Ocean, and this altered the §'*Cd signatures of
remineralization-affected waters by less than 0.08%o when remineralization
contributed 30% to the Cd inventory.

Overall, the new results confirm earlier findings that remineralization
had a major impact on Cd concentrations of intermediate depth waters that
record a strong deficiency in dissolved oxygen concentrations’. However,
the new 8'“Cd data reveal that this process has only a minor influence on
8"Cd, as the dissolved and particulate Cd inventories had similar Cd
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Fig. 5 | Plot of Cd isotope compositions versus Cd concentrations with data
available for the Atlantic Ocean (2010-2015). Four results for North Atlantic
samples with §"*Cd > 2.0%o at low [Cd] are cut off but shown in Supplementary
Fig. 4 with an expanded y-axis. Orange, blue and purple symbols represent samples
of this study from surface waters (<101 m), thermocline and intermediate water
masses (102 - 1002 m), and deep water masses (>1002 m), respectively; these sam-
ples were collected at Stations 21 (diamonds), 30 (squares), 36 (triangles), and 40
(inverted triangles). The error bars for §'*Cd denote the 2sd precision. The gray
symbols denote literature data for different regions of the Atlantic Ocean: Tropical
Atlantic”?, North Atlantic®, western South Atlantic'’, and eastern South Atlantic"’.

isotope compositions. For deep waters, water mass mixing alone is sufficient
to explain both Cd concentrations and isotope compositions, in accord with
the results of previous studies of the Atlantic and other ocean basins'>'****,

Along the GA02 Leg 2 section, the surface waters from depths of about
20 to 100m have low Cd concentrations of 04x107° to
3.0 x 107 nmol kg, coupled with relatively low §'*Cd values of —0.42 to
0.37%o (n=8) compared to the deeper waters, which have a §'*Cd of
between 0.40 and 0.60%o (Fig. 5 and Table 1). Notably, both the Cd con-
centrations and §"*Cd values of the surface seawater samples are at the
lower end of the ranges reported for Atlantic Ocean surface waters (Fig. 5).
The surface water §'*Cd values of our samples are, furthermore, at the lower
end of the global range, and the lowest values coincide with the lowest Cd
concentrations, although the relationship is not statistically significant given
the analytical uncertainties®*'*, Literature observations, in contrast, suggest
that preferential uptake of lighter Cd isotopes by phytoplankton at open-
system steady state or closed-system Rayleigh conditions should generate
low dissolved Cd concentrations coupled with §'**Cd values that are either
nearly unfractionated (0.50-0.60%o) or clearly higher (>1%o), respectively,
compared to upwelling deeper waters with typical §'*Cd of 0.40-0.50%o
(Supplementary Note 2; Supplementary Figs. 3 and 4)*'*'“. In the following,
possible origins for the unusual surface water trend of low §'*Cd at low Cd
concentrations (Fig. 5) are explored and discussed.

First, it is conceivable that analytical artefacts are responsible for the
low observed §'*Cd of the surface waters, given the very low Cd masses (of
<1 ng per sample) that were available for the isotopic analyses of these
samples. Previous multiple-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS) studies that reported high §'*Cd values of up
to 5%o for surface waters have been questioned due to potential spectral
interferences'*. In this study, a new chemical procedure effectively
removed elements that can cause spectral interference (Ge, Ga, Zr, Mo, In
and Sn)”, ensuring unbiased §'“Cd results, even for low Cd concentrations
(04 x 107 -3.0 x 10° nmolkg™"). Our results also align well with
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Fig. 6 | Box model for the cycling of Cd in the surface waters of the western
tropical North Atlantic. The black arrows represent Cd input fluxes to the surface
waters, from atmospheric deposition (Fyy) and upwelling (F,,). The gray arrows
represent Cd output fluxes from the surface waters, encompassing downwelling
(Faown) and particle sinking (Fqy,). The values of f,i, and fq,, denote the Cd mass
fractions provided by atmospheric deposition to the total Cd input flux and by
sinking biological particles to the total Cd output flux, respectively. The [Cd] and
8'*Cd data denote the Cd concentrations and isotope compositions of the fluxes or
reservoirs.

previous §'"“Cd values determined for surface seawater samples from the
Tropical Atlantic”* and eastern South Atlantic Ocean' (range: —0.61 + 0.11
to 0.06 +0.22%o) by thermal ijonization mass spectrometry (TIMS), and
from the equatorial Pacific Ocean by MC-ICP-MS". This indicates that
natural processes are likely responsible for §'**Cd values observed in the
surface seawater samples of this study.

Internal marine processes, such as Cd uptake by phytoplankton in Zn-
depleted environments and Cd complexation by organic ligands, can only
explain §'*Cd values as low as about 0.40%o for eastern and western South
Atlantic Ocean'”", but not the much lower values observed for the western
tropical Atlantic Ocean in this study and for the equatorial Pacific in a
previous investigation'’. Since internal processes are unlikely to be
responsible, external inputs from either rivers or atmospheric deposition are
considered in the following.

Despite the proximity of the study area to the Amazon River, our
samples were collected outside of the main Amazon plume, where salinity
exceeds 35.5, indicating minimal riverine influence (<2%). Moreover, Cd
concentrations within the plume are not systematically elevated (Supple-
mentary Fig. 5)*, suggesting no clear riverine impact on Cd distribution,
consistent with previous studies™*.

Given the limited riverine contribution, aerosol deposition emerges
as the key external source that could affect the surface water §'“Cd values.
Although previous studies have suggested that atmospheric deposition of
natural Cd is negligible compared to the Cd upwelling fluxes in
the Tropical Atlantic Ocean, where strong equatorial upwelling dom-
inates Cd supply”, aerosol-derived inputs may still play a role in regions
outside the main upwelling zone. Recent evidence furthermore indicates
that anthropogenic Cd emissions can readily overwhelm natural
atmospheric Cd inputs, with urban and marine aerosols showing strong
enrichments of Cd coupled with §"*Cd < 0.0%0"*****'. Furthermore,
Sieber et al.” proposed that the low §'"*Cd (~0.0%o0) of oligotrophic
equatorial Pacific Ocean surface waters may originate from atmospheric
deposition.

As such, atmospheric emissions enriched in anthropogenic Cd are
evaluated in the following as a possible cause of the unusually low §'*Cd
values observed in the surface waters of the GEOTRACES GAO02 Leg
2 section in the western tropical North Atlantic.

As atmospheric fluxes to the surface ocean will increase dissolved Cd
concentrations, the observed surface water trend of low §''*Cd with low Cd
concentrations (Fig. 5), cannot be explained by aerosol deposition alone.
Instead, it is more likely a consequence of the combined effects of atmo-
spheric deposition of isotopically light Cd, which dominates the §'"*Cd
fingerprint, and biological Cd uptake, which leads to an overall reduction in
dissolved Cd concentrations. A box model is used to quantitatively evaluate
the surface water Cd systematics of the western tropical North Atlantic
Ocean (Fig. 6), to show that atmospheric Cd deposition is indeed a key
factor, as discussed below.

For the surface water box model, the Cd input fluxes are from atmo-
spheric deposition and water upwelling, the Cd output fluxes are ascribed to
sinking biological particles and water downwelling (Fig. 6), and it is assumed
that horizontal advection is not the major process that controls Cd cycling in
the surface waters™. Considering a steady-state condition for Cd cycling
within the box, the mass balance of Cd fluxes and their isotope compositions
can be described by the following equations:

Fatm + Fup = Fdown + Fsbp (3)

P X 8"Cd , + Fypy X8 Cdyy = Fopn x8'Cd, + F

v+ Fapp x8'1Cdy, (4)
where F,, and F, represent the Cd input fluxes from atmospheric
deposition and upwelling; Fyown and Fg,p, are the Cd output fluxes from
downwelling and sinking biological particles; 8'*Cd,y, and 8'*Cd, refer to
the Cd isotope compositions of atmospheric deposition and upwelled
thermocline waters; and §8'*Cdyg, and 8''Cdg,, denote the Cd isotope
compositions of the surface waters and sinking biological particles. The
parameters f,, and fq,, are employed below to represent the mass fractions
of Cd delivered by atmospheric deposition relative to the total Cd input flux
and removed by sinking biological particles relative to the total Cd output
flux, respectively:

fom = Fatm/(Fatm + Fup) (5)

fsbp = Fsbp/(Fdown + Fsbp) (6)

As the results of the current study suggest that biological uptake of Cd
in the Atlantic mainly reflects open-system steady-state conditions (Sup-
plementary Note 2 and Supplementary Fig. 3), the isotope fractionation
factor €'"*Cdpjo.sw can be used to describe the biological fractionation of
8'Cd in the surface waters:

8“4Cdbio—sw = Gbio/sw — 1= 6114Cdsbp - 6114Cdssw @)

Equations (3) to (7) can furthermore be combined to arrive at the
following equation (see detailed derivation in Supplementary Note 3):

x 5114Cdbio—sw + 81 14Cdtcl
®)

The box model, based on Eq. (8), evaluates the impact of atmospheric
Cd inputs on 8'*Cd,. The aim is to determine whether reasonable para-
meter values, and especially for 8'*Cd,yy,, can account for the observed
surface water Cd isotope compositions, with §'*Cd,q,, values of —0.42%o to
0.37%o (Table 1). Focusing first on the output fluxes, the biological isotope
fractionation factor &'*Cdy;q_g has a simple relationship to the fractionation
factor apjo/sw (Eq. 7). With an aye/sw value of 0.9998, which is appropriate
for many regions of the Atlantic Ocean (Supplementary Note 2 and Sup-
plementary Fig. 3)*'7'**, this is equivalent to &£'"*Cdyp;o.qw = —0.2%o. The

8114Cdssw :fatm x (6114Cdatm - 5114Cdtcl) _fsbp
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value of fq,, is poorly constrained and a wide range of values of between 0.1
and 0.9 are therefore considered.

Considering the Cd input fluxes, a value of 0.60%o is applied for
8'"*Cd,y, based on the results presented in this study (Fig. 3, Table 1). The
fraction of atmospheric Cd deposition f, ., is constrained by the relative Cd
fluxes to the surface waters from the atmospheric deposition and water mass
upwelling (Eq. 5). As the western tropical North Atlantic is not a major
upwelling zone’”, an average global upwelling rate of 1 m year™ is
employed, based on a mean oceanic depth of 4000 m and an oceanic
overturning time of 4000 years'’. Along the GA02 Leg 2 section, the base of
the thermocline has a mean [Cd] of ~0.4 nmolkg™; using a seawater
density of 1025 kgm >, F,,, is hence 46 ugm > year ' (see details in Sup-
plementary Table 3).

The atmospheric Cd flux F,, was estimated based on the yearly
average dust deposition of 2.97 g m > year " in the study area during the
GAO02 Leg 2 cruise, as derived from the dissolved Al concentration of
surface seawater™. For further calculations, the Cd concentration of the
aerosol matter is varied from the natural geogenic “background” abun-
dance, with up to 200-fold enrichments of the element, to explore the
impact of aerosols that are significantly enriched in anthropogenic Cd. If
the Cd in the dust originates only from natural sources, the average upper
continental crust [Cd],. of 0.09 pg g~ is a reasonable estimate for the
dust, whilst anthropogenic Cd enrichments in the aerosols are quantified
by an enrichment factor defined as EF = (Cd/Al)sumpie/(Cd/Al) ™.

Whether atmospheric deposition can be responsible for the low observed
8"*Cd,,, values is explored using figures that summarize the modeling
results in plots of §"Cdg,y versus 8"*Cd,yy, for different EF values
(Fig. 7). In detail, results are shown for EF values of 1, 50, 100, and 200,
with Cd solubilities following aerosol deposition of 10% and 80% for Cd
of natural and anthropogenic origin, respectively, in accord with pub-
lished results™***. This yields overall Cd solubilities of 10.0%, 78.6%,
79.3%, and 79.7% for EF values of 1, 50, 100, and 200, respectively. The
corresponding Cd deposition rates range from 0.03 to 43 pg m > year '
(Supplementary Table 3), with 8§"*Cd,, values of between —2.0 and
1 .0%013,51,60,61 .

For EF = 1, corresponding to a Cd deposition rate of 0.03 pg m > year "
and fm, = 0.06%, atmospheric Cd deposition is unable to account for the
low observed surface water §'*Cd,, values of the tropical western Atlantic
Ocean, for all considered 8'*Cd,¢, values (Fig. 7a). When the aerosol Cd EF
is increased to 50, equivalent to a Cd deposition rate of 11 ug m ™ year ' and
fatm = 19%, 8'*Cd,,1r, values of less than —0.76%o can account for §'*Cd,s,y
data that exceed 0.10%o (Fig. 7b). With an aerosol Cd EF of 100, equivalent
to a Cd deposition rate of 21 pg m ™~ year " and fj, = 32%, §"*Cd,n values
of less than—0.18%o are sufficient to explain most of the §"“Cd,, results (>
—0.20%o) obtained in this study (Fig. 7c). Finally, for EF =200, corre-
sponding to a Cd deposition rate of 43 ugm>year' and f,, = 48%,
8"*Cd,y values that range from 0.09%o to —1.58%o can account for all
8"Cd,q, results of this study (Fig. 7d).
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The modeling hence shows that the low observed §'**Cd, can only be
explained if the aerosols are characterized by high EF values for Cd and low
8"*Cd,m. The model was also tested with ap;o/s, Values of 0.9995-0.9997, in
accord with previous Cd isotope studies of the Atlantic Ocean®”"’, and such
calculations produced data consistent with those obtained with o/
sw=0.9998 (Supplementary Fig. 6). The results of the modeling are dis-
cussed in the context of relevant available Cd EF and §'"“Cd,, data for
marine aerosols, to assess whether atmospheric deposition can be respon-
sible for the low observed §'*Cd,,, values in the western tropical North
Atlantic.

Notably, Cd EF data determined for total digested and ammonium
acetate leachates of aerosols collected during the GA02 Leg 2 section are
fully in accord with the modeled results. In detail, the Cd EFs for the total
aerosol digests, also calculated using [Cd] . =0.09 pg g ', range from 4
to 370, suggesting strong anthropogenic signatures (Supplementary
Table 4)”. The observed variability, with some lower Cd EF values for
aerosols collected in our study area, thereby does not question the
modeling results. This reflects that surface seawater integrates over the
Cd deposition received for several months as a consequence of the Cd
residence time in the marine surface layer (0.18-0.35 years; Supple-
mentary Note 4). As such, the §'"*Cd of surface seawater is not expected
to mirror the EF values of individual aerosol sampling events, but will
reflect the cumulative effect of anthropogenically impacted air masses
from the same broad source region (given the stable wind pattern of the
area; Fig. 1) but with Cd EFs that will inevitably show some temporal
variability. Furthermore, the aerosol leachates have high [Cd]/[Al] ratios
of 187 to 10,513 pgg™' (Supplementary Table 4) and which are thus
approximately 150- to 10,000-fold higher than the upper continental
crust [Cd]/[Al] ratio of 1.1 pgg~"”". The analyses also support the con-
clusion that anthropogenic Cd is more soluble than mineral-bound Cd,
as the aerosol leachates released at least 50%, and in many cases more
than 80%, of the total Cd (Supplementary Table 4). The measured
solubility is hence very similar to the maximum overall Cd solubility of
~80% assumed for aerosols in the modeling (Supplementary
Tables 3 and 4). Considering samples from other Atlantic Ocean cruises,
total digested aerosols from the zonal GA03 North Atlantic section
showed Cd EFs of approximately 14 within the North African dust
plume, but values exceeding 10,000 outside its reach™. Aerosol samples
from near Bermuda in the western North Atlantic exhibited Cd EF values
of 130-230 due to anthropogenic North American emissions™, whilst
analyses of aerosols from the eastern tropical Atlantic (GEOTRACES
cruise GA06) showed Cd EFs ranging from 4 to 107, with §"*Cd values of
between —0.54 + 0.13%o and 0.19 + 0.20%o”’. Meanwhile, Pacific Ocean
(GEOTRACES cruise GP15) aerosol samples exhibited higher EF values
of approximately 200 to 10,000 for Cd, and displayed 8"*Cd of
—1.91+0.39 to —0.07 £ 0.25%0". The Cd EF values of 1-200 that are
used in our box model calculations are therefore within the range of
previously reported marine aerosol compositions.

The Cd present in aerosols is either of natural or anthropogenic origin.
As Cd has a low boiling point (of 1040 K), it is readily emitted to the
atmosphere by high-temperature anthropogenic activities, akin to Pb.
Processes such as combustion of fossil fuels, metal smelting, and waste
incineration hence contribute to the large anthropogenic emissions of Cd to
the atmosphere® ™. Such anthropogenic emissions, and particularly emis-
sions from waste incineration and lead smelters, exhibit a relatively large
range of 8'“*Cd values, with published data ranging from —0.70 + 0.13%o to
0.40 + 0.19%0"****. In contrast, natural Cd in aerosols is expected to be less
variable in §'"*Cd, as the upper continental crust has a well-defined mean
8"Cd value of 0.03 £ 0.10%0". The above findings on the §'"*Cd values of
natural and anthropogenic aerosols, hence, suggest that the latter commonly
feature lower 8'*Cd compared to natural dust, but further work is needed to
ascertain whether this is indeed a general characteristic of Atlantic Ocean
aerosols. Whilst the GA02 aerosol data of this study show no clear corre-
lation between Cd EF and Cd solubility, further studies should also inves-
tigate previous findings, which suggest that anthropogenic Cd in

atmospheric deposition may be up to 10 times more soluble than natural Cd,
implying preferential dissolution of the former in marine surface
waters™*”,

Taken together, the presented evidence hence suggests that atmo-
spheric deposition of Cd from anthropogenic sources likely plays an
important role in shaping the Cd concentrations and isotope compositions
of the highly Cd-depleted North Atlantic surface waters. The box model
developed in this study indicates that atmospheric inputs contributed at
least 19% and possibly up to 48% of the surface water Cd inventory, for
atmospheric deposition with Cd EF values of 50 to 200 (Fig. 7). Such
atmospheric inputs have a clear impact on the Cd cycling in this open ocean
setting, with a surface water Cd residence time of less than 0.35 years
determined from the results of this study (Supplementary Note 4). However,
further analyses of marine aerosols from this and other regions for both Cd
concentrations and isotope compositions are needed to better constrain the
impact of anthropogenic emissions on the surface water Cd systematics of
the western tropical North Atlantic and to investigate whether such pro-
cesses are also observable in other ocean basins.

In summary, this study provides a comprehensive analysis of variations
in Cd concentrations and §'*Cd values determined for seawater samples
from four depth profiles in the western tropical North Atlantic. For the deep
waters of the study area, the mixing of water masses derived from the
Northern and Southern Hemispheres determines the observed Cd con-
centrations and §"“Cd values. At intermediate depths, the latter parameters
are controlled by both internal biogeochemical cycling and ocean circula-
tion, whereby in-situ remineralization accounts for about 20-85% of the
dissolved seawater Cd inventory in the low oxygen thermocline and inter-
mediate waters. Viewed in the context of surface water data for the Atlantic
and other ocean basins, surface water of the study area is characterized by
low Cd concentrations of 0.4 x 107 to 3.0 x 10> nmol kg™ (n=8), as
typically found in oligotrophic settings, as a consequence of dissolved Cd
uptake by phytoplankton. However, these surface waters also have unu-
sually low §'*Cd values of —0.42%o to 0.37%o. A box model approach shows
that the low observed §"*Cd values are most likely a consequence of
atmospheric Cd inputs that are enriched in isotopically light Cd from
anthropogenic emissions, and which overprint any isotope fractionations
from biological uptake. Such emissions appear to contribute more than
~20% of the surface water Cd inventory in the tropical western Atlantic
Ocean. Our results thus highlight that anthropogenic Cd emissions are
sufficient to clearly impact Cd cycling in the surface Atlantic Ocean, par-
ticularly in oligotrophic open ocean settings with low Cd.

Methods

Sample collection and preparation

The seawater samples were collected from the western tropical North
Atlantic at four stations between 13 June and 4 July 2010, during RV Pelagia
cruise PE321 for GEOTRACES section GA02 Leg 2, from Bermuda to
Fortaleza (Brazil). Seawater collection utilized an ultraclean all-titanium
frame CTD trace metal sampling system with novel PVDF samplers’.
Following collection, the samples were filtered through 0.2 pm membranes
and acidified on board with distilled HCI to a pH of about 2°.

Further sample processing took place in ISO Class 4 laminar flow
hoods within an ISO Class 6 clean room in the MAGIC Laboratories at
Imperial College London, UK. All water used for processing was of
182M Q cm grade from a Millipore purification system, whilst mineral
acids were purified in-house by sub-boiling distillation in Teflon or quartz
glass stills.

The separation of Cd from the seawater matrix followed previously
described methods for seawater volumes of >1 LY. Briefly, 1 to 11 L seawater
samples were spiked with a '"'Cd-'"Cd double spike solution, with detailed
information on seawater sample volumes and the respective ratios of spike-
derived to natural Cd provided in Supplementary Table 5. After the samples
were left to stand for at least 7 days with daily shaking to ensure full equi-
libration of the spike-derived and seawater Cd, 1 ml of 0.05 M H,O, was
added to per liter of seawater to break down any remaining organic
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compounds. Following addition of 1 ml of 5M NH,OAc per liter of sea-
water, a variable volume of 5 M aqueous NH; solution was added to adjust
the pH to 4.8 £ 0.2, depending on the initial seawater volume and pH. The
samples were then equilibrated with Nobias Chelate PA-1 resin which
adsorbs Cd and other trace metals from seawater at high yields at these
conditions”. The resin was separated from the seawater in a filtration rig,
whereupon the adsorbed trace metals, including Cd, were eluted from the
resin using the same procedure that is used in the laboratory for the
separation of seawater Pb’’. The metal fraction was evaporated, refluxed in a
mixture of 16 M HNO; and ~10 M H,O, to break down organic com-
pounds released from the resin, dried again, and then redissolved in 2 M
HCI for further purification with a 2-stage anion exchange column chro-
matography procedure (Supplementary Table 6). The purified Cd fractions
were evaporated to dryness, dried down twice with a few drops of 16 M
HNO; and then redissolved in 0.1 M HNO; for the mass spectrometric
analyses.

Determination of Cd isotope compositions and concentrations
The Cd isotope measurements were performed following established
procedures””” with a Nu Instruments Nu Plasma II MC-ICP-MS
instrument, using a Cetac autosampler and either a Nu Instruments DSN-
100 or a Cetac Aridus II desolvation system for sample introduction. Four
cadmium isotopes, '''Cd, '"*Cd, '*Cd, and '"“Cd, were measured to deter-
mine the Cd isotope compositions. To correct for potential isobaric inter-
ferences from ?Sn, '“In, and *Sn, the *In and '"Sn ion beams were
measured during the Cd isotope analysis. All ion beams were monitored
with Faraday collectors equipped with 10"'Q resistors. The sensitivities for
Cd in the measurements were 400-900 V pg ™' ml™' using the DSN-100 and
600-1000 V pg~' ml™" with the Aridus II system.

The isotope measurements employed solutions with Cd concentra-
tions of 10-60 ng ml™", with lower concentrations of 2-5 ng ml" employed
for the surface water samples with low [Cd] of 04 x 107 to
3.0 x 10~ nmol kg™' (Supplementary Table 5). The sample analyses were
carried out interspersed between and relative to bracketing standard solu-
tions that were prepared as mixtures of the NIST SRM 3108 Cd isotope
reference material with the Cd double spike, with closely matched ratios of
spike-derived to natural Cd (deviations less than 5%) and Cd concentrations
(deviations less than 10%). The secondary isotope reference material BAM
1012 Cd, as well as the in-house seawater quality control material SwWQC,
were analyzed using the same procedures to monitor data quality. Following
the measurements, the reduction of the double spike data was carried out
offline using an iterative approach, which corrects for both the monitored
isobaric interferences and any laboratory- or instrument-induced mass
discrimination””*””*, The obtained Cd isotope compositions are expressed as
8'*Cd values relative to NIST SRM 3108 Cd:

114Cd 110Cd
slicd = 114( UO/ uampi —1]x10°
( Cd/ Cd)NIST SRM 3108

The §'“Cd values obtained in repeated analyses of BAM 1012 Cd and
the SwQC seawater sample are provided in Supplementary Table 7. The Cd
concentrations were determined using the isotope dilution method, from
the measured and mass bias-corrected *Cd/"'Cd ratios of the spiked
sample solutions. The average Cd yield from the seawater samples was 80%.
Total Cd blanks for the complete analytical procedure were 10 to 20 pg. Asa
result, the blanks typically increased the natural Cd concentrations of the
samples by only 0.02-0.07%; the maximum blank contribution, for a surface
water sample, was 0.42%. The blank contributions were subtracted from the
measured Cd concentrations but not corrected for the Cd isotope data, as
the Cd isotope composition of the blank is not well-defined, and estimated
blank corrections were smaller than the analytical uncertainties of the data.

Given the challenging nature of the Cd isotope analyses, especially for
the low Cd concentration samples from the surface waters, substantial
analytical efforts were expended on quality control. These efforts,

documented in detail in Supplementary Note 5 and Supplementary
Figs. 7-9, encompass (i) a detailed investigation and evaluation of spectral
interferences, (ii) multiple analyses of Cd standard solutions and the
SWQC seawater sample using run solutions with Cd concentrations
of between 2ngml™ and 60ngml™, and (iii) intercalibration of our
[Cd] and 8"*Cd depth profiles with published results for samples from the
same locations.

Data availability

All source data supporting the findings of this study are provided in the
tables in the main manuscript and Supplementary Information. In addition,
these data are publicly available via figshare (https://doi.org/10.6084/m9.
figshare.30958382).

Code availability

Code and results of the eEOMP analysis are currently available upon request.
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