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a b s t r a c t
Zinc (Zn) and cadmium (Cd) are important biologically active trace-metals in the ocean. To date, the
marine distributions of these elements have been understood primarily in terms of biological assimilation
by growing phytoplankton and regeneration of sinking biological material. Initial studies of Zn and Cd
concentrations and stable isotope ratios (δ 66 Zn and δ 114 Cd) have therefore focused on their use as simple
tracers of assimilation and regeneration in the oceans. However, these two processes are insuﬃcient to
explain new data on the marine distribution of Zn and δ 66 Zn. Here, using the ﬁrst high-resolution paired
marine depth proﬁles of Zn, Cd, δ 66 Zn and δ 114 Cd, we suggest that scavenging of Zn onto organic matter
plays a major, yet largely unconsidered, role in the marine cycling of Zn. This hypothesis is supported by
culture experiments, which show that Zn released from degrading phytoplankton is rapidly scavenged
back onto organic matter, and that adsorbed Zn is isotopically heavier than the dissolved phase by
0.58h. In contrast, very little Cd or phosphate was scavenged and Cd isotopes were not signiﬁcantly
fractionated during degradation. Our hypothesis is further supported by one-dimensional modeling,
which reproduces observed marine δ 66 Zn proﬁles with <1% of Zn adsorbed to particles. Understanding
how Zn cycling in the oceans is a balance between assimilation, scavenging, and regeneration is necessary
in order to investigate δ 66 Zn as a tracer of marine productivity. We anticipate that paired analyses
of δ 66 Zn and δ 114 Cd will prove to be valuable new tools in constraining patterns of global primary
productivity, providing key information for the marine carbon cycle during periods of past and present
global climate change.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Zn and Cd show nutrient-like distributions in the oceans, with
surface depletion attributed to phytoplankton growth and gradual enrichment in deeper waters from dissolving organic material. Proxies for Zn and Cd and their stable isotope ratios have
therefore been used to infer changes in biological productivity
and circulation in the past ocean. For example, seawater Zn and
Cd concentrations, as recorded in carbonate Zn/Ca or Cd/Ca, have
been used to reconstruct paleonutrient distributions (Boyle, 1992;
Marchitto et al., 2005, 2002). δ 66 Zn variations of 1h in a sedimentary carbonate record from the Equatorial Paciﬁc were attributed to productivity changes over the past 175 kyr (Pichat et
al., 2003). Similarly, δ 66 Zn variations in Ediacaran carbonates were
attributed to changes in biological productivity following the Marinoan ‘Snowball Earth’ glaciation (Kunzmann et al., 2013). As new
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analytical techniques for δ 66 Zn and δ 114 Cd are developed, we anticipate greater use of isotopes as tracers for past global change.
Although Zn and Cd are chemically similar elements, they have
different marine distributions. Globally, the marine distribution of
Zn is similar to the major nutrient silicate (Si), while the distribution of Cd is similar to the major nutrients nitrate (N) and
phosphate (P). Zn and Si have deeper ‘regeneration maxima’ than
N, P and Cd, and both Si and Zn are enriched 5- to 8-fold in the
deep North Paciﬁc compared to the deep North Atlantic, while N, P
and Cd are enriched only about 3-fold at similar locations (Sunda,
2012). As with the marine distribution of Zn and Cd, the distribution of δ 66 Zn, and δ 114 Cd in the ocean have been attributed to
active biological uptake (assimilation) of these metals by phytoplankton at the surface, and release (regeneration) of these metals
from sinking biological particles. In culture, phytoplankton have
been shown to fractionate Zn and Cd isotopes during assimilation
due to the preferential uptake of lighter isotopes (John et al., 2007;
Lacan et al., 2006). A biological preference for lighter Cd and Zn
isotopes has similarly been invoked to explain increasing δ 66 Zn
and δ 114 Cd towards the surface of the ocean (Bermin et al., 2006;
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Lacan et al., 2006; Ripperger et al., 2007). A correlation between
surface productivity and manganese nodule δ 66 Zn has also been
attributed to biological Zn fractionation (Maréchal et al., 2000),
though the precise mechanism of this correlation is unclear. Finally, variations in diatom frustule δ 66 Zn in Southern Ocean coretop sediments are consistent with biological preferential assimilation of light Zn isotopes in surface waters (Andersen et al., 2011),
though more recent measurements of seawater dissolved δ 66 Zn do
not show a strong correlation between Zn uptake and increasing
δ 66 Zn (Zhao et al., 2014).
Despite the use of δ 66 Zn as a tracer for biological productivity,
the biological cycling of Zn is not fully understood. It has been hypothesized that the similarity between Zn and Si distributions is
caused by the presence of Zn in a refractory phase that is similarly resistant to dissolution as diatom opal (e.g. Lohan et al.,
2002). However, most Zn in diatoms, from both open-ocean and
culture studies, is present in the soft tissue of phytoplankton, as
determined by the spatial co-location of Zn with P, rather than Si
(Twining et al., 2004, 2003). Only ∼1–3% of diatomaceous Zn was
found to be present in diatom opal (Ellwood and Hunter, 2000),
though additional Zn is present associated with organic material in
the frustules (e.g. Pokrovsky et al., 2005). The majority of intracellular Zn in carbon-limited diatom cells is thought to be present in
carbonic anhydrase and alkaline phosphatase enzymes under conditions of carbon or phosphate limitation, respectively (Morel et
al., 1994; Shaked et al., 2006). If Zn is largely located in the active
site of enzymes, then Zn should remineralize at the same rate as
N, P and Cd. An alternative explanation for the global similarity between Zn and Si concentrations is that both may be controlled by
similar rates of biological assimilation in the surface of the Southern Ocean. Rapid uptake of Si by diatoms in the Southern Ocean
has been invoked to explain the deﬁcit of Si compared to N (negative Si∗ ) in the thermocline throughout the oceans (Sarmiento
et al., 2004). By analogy, a relatively rapid uptake of Zn in the
surface of the Southern Ocean may contribute to the Zn deﬁcit,
compared to N, P, and Cd, in the thermocline at lower latitudes;
despite this, even models which stress the importance of assimilation in the surface Southern Ocean do not discount the potential
importance of slow silicate redissolution on the global distribution
of Si (Sarmiento et al., 2007). We are therefore motivated to seek
possible reasons why Zn might dissolve more deeply in the water
column than other nutrient elements such as N, P, and Cd.
Most prior studies have not considered scavenging, or have
not found a signiﬁcant role for scavenging inﬂuencing the distribution of Zn in the oceans. Experiments on degrading marine biogenic material conﬁrm that Zn is released from particles more slowly than N, P or Cd (Collier and Edmond, 1984;
Lee and Fisher, 1992). However, these experiments only measured
the net rate at which elements were released into the dissolved
phase, and did not attempt to quantify the importance of readsorption or scavenging. Scavenging of Zn is thought to explain the
high Zn:P ratios observed in South China Sea sediment traps (Ho
et al., 2010, 2007), though most Zn in this region is delivered from
anthropogenic aerosols, limiting applicability of this study to the
open ocean. A 1-dimensional model with Zn input at the surface
ocean and reversible-scavenging, similar to models originally developed for short residence elements such as Th and Pa (Bacon
and Anderson, 1982), did not reproduce the global distribution of
Zn (Little et al., 2013). However, given that this model did not include circulation, and the residence time of Zn in the ocean is
much greater than the overturning of the ocean (∼50,000 years
compared to ∼2000 years; Shiller and Boyle, 1985), the misﬁt between the model and data does not preclude a role for scavenging.
Zn scavenging may play a role in Zn biogeochemical cycling in
conjunction with other processes, such as biological uptake and
remineralization, and ocean mixing and circulation.

Here, we explore the degree to which readsorption onto sinking
particles (scavenging) could inﬂuence the marine biogeochemical
cycling of Zn, using Zn and Cd distribution and isotopic data from
the North Atlantic, data from degrading phytoplankton cultures,
and a simple 1-D model.
2. Methods
2.1. Sample collection and analysis
Seawater samples were collected on the US GEOTRACES A03
North Atlantic Zonal transect cruises in 2010 and 2011 at stations USGT10-9 (17.3◦ N, 18.3◦ W, Oct. 27th 2010), USGT10-10
(17.3◦ N, 20.8◦ W, Oct. 30th 2010), USGT11-10 (31.8◦ N, 64.2◦ W,
Nov. 20, 2011), USGT11-12 (29.7◦ N, 56.8◦ W, Nov. 23th 2011) and
USGT11-18 (24.1◦ N, 40.2◦ W Dec. 2nd 2011). Samples were collected using the US GEOTRACES trace-element clean carousel and
ﬁltered (0.4 μm) in a purpose-built clean van (Cutter and Bruland, 2012). Seawater dissolved Zn and Cd concentration, δ 66 Zn
and δ 114 Cd were measured on a Thermo Neptune MC-ICPMS at the
Centre for Elemental Mass Spectrometry at the University of South
Carolina, with a double spike technique, after extraction onto Nobias PA-1 resin and puriﬁcation by anion exchange chromatography
following previously published methods (Conway et al., 2013).
Stable isotope ratios are presented as δ 66 Zn or δ 114 Cd where:
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For culturing experiments, the difference between two phases is
given by:

δ Y A − B = δ Y A − δ Y B
for the two phases A and B (e.g. phytoplankton cells and the media in which they were grown).
2.2. Culture experiments
Cultures were grown and processed for isotope analysis in
the MTEL laboratories at the University of South Carolina under ULPA-ﬁltered air ﬂow using acid-cleaned labware, ultrapure
water (>18.2 M) and distilled high purity acids. The marine
ﬂagellate chlorophyte Dunaliella tertiolecta was grown for several
months under non-axenic conditions, in f /2 medium prepared
with 0.2 μm ﬁltered seawater from the Baruch Marine Field Laboratory in Georgetown, SC. For our experiments, cells were transferred into a modiﬁed AQUIL media (Morel et al., 1979) containing
10−4 M EDTA (Sunda et al., 2005) with a ∼100-fold increase in
Zn concentrations (10−5 M) compared to AQUIL and with the addition of Cd (10−6 M), in order to increase the quantity of these
metals within the cells. Additionally, Fe concentrations were reduced 10-fold (10−7 M) compared to AQUIL in order to minimize cell-surface precipitation of metals, as Zn has been observed
to co-precipitate with Fe oxyhydroxides on cell surfaces in media with high Fe concentrations (10−5 M) (John et al., 2007) but
does not precipitate in similar media with lower Fe concentrations
(10−6 M) (Sunda and Huntsman, 1992). The media free-inorganic
ion concentrations of Zn and Cd (Zn and Cd ) were 1.5 · 10−9 M
and 5.9 · 10−9 M, respectively, and the divalent ion concentrations
(Zn2+ and Cd2+ ) were 1.0 · 10−9 M and 1.7 · 10−10 M, respectively,
as calculated using the equations of Sunda et al. (2005).
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D. tertiolecta was cultured for >10 generations in the modiﬁedAQUIL media before 0.1% inoculation into a 4 L bottle for experiments. The 4 L culture was grown to the end of log-phase growth,
at which point 1% of the media Zn and 2.5% of the Cd had been
taken up into the cells (Table S1). Cells were concentrated from 1 L
of media by centrifugation, rinsed twice by resuspending in metalfree chelexed artiﬁcial seawater (no added nutrients, trace-metals,
or EDTA) then centrifugation, then resuspended in 20 mL metalfree artiﬁcial seawater, and ﬁnally stored in the dark at 23 ◦ C. At
each time point (4 h, 1, 2, 4, 7, 9, and 12 days), 2 mL of the
cell suspension was centrifuged and the supernatant was decanted
(dissolved fraction). The remaining cells from the 2 mL subsample were resuspended in 1 mL of a pH 8 oxalate-EDTA solution for
20 min to remove any adsorbed trace metals, centrifuged, and the
supernatant was decanted (adsorbed fraction). Samples were dried
in Savillex PFA vials, heated overnight with 2 mL aqua regia to destroy residual organic material, dried, and redissolved in 1 mL 1 M
HCl. A 50 μL subsample was taken for P, Zn, and Cd concentration analysis by Thermo Element II sector ﬁeld ICPMS, in medium
resolution with standard Ni sampler and skimmer cones, by reference to the intensity of these elements in solutions of known
concentration. Zn and Cd double-spikes were added to samples in
a 1 : 4 ratio (natural : spike) prior to puriﬁcation by anion exchange
chromatography on 135 μL AG-MP1 resin following a procedure
modiﬁed from Conway et al. (2013) using 800 μL 1 M HCl to elute
salts, 1200 μL 2 M HNO3 + 0.1 M HBr to elute Zn, and 1000 μL 2 M
HNO3 to elute Cd. Samples were analyzed for δ 66 Zn and δ 114 Cd as
previously described for seawater (Conway et al., 2013). External
error for the cell suspension analyses was determined by purifying
and analyzing two separate aliquots of the total culture for δ 66 Zn
and δ 114 Cd, which were equal within analytical error (Table S1).
2.3. Model description
Cd and Zn concentration and isotopic proﬁles were modeled according to a steady-state 1-dimensional advection–diffusion equation where the concentration of Zn or Cd (C ) at any depth in the
ocean is given by:

∂C
∂2C
= 0 = κ 2 + JC
∂t
∂z

(3)

where κ is the vertical diffusivity and J represents all of the inputs and losses to the dissolved phase from particles. J is therefore
the net effect of biological uptake into particles, release from particles due to remineralization, scavenging onto particles, and release
of scavenged from particles. Vertical diffusivity was prescribed as
10−4 m2 s−1 in a 30 m mixed layer and 10−5 m2 s−1 in the thermocline, and did not fractionate isotopes. Biological assimilation
was held constant throughout the mixed layer, and decreased in
the thermocline from the assumption of exponential decay of photosynthetically active radiation (PAR) with a 1% light level at 30 m
so that the rate of assimilation is described as:

J assimilation = kassimilation · PAR · C

(4)

where kassimilation is the rate constant for biological uptake and
C is the amount of an isotope of Cd or Zn. Biological assimilation of Zn was parameterized with an isotope effect of
δ 66 Znplankton-seawater = −0.2h, as was determined for Zn uptake
by the high-aﬃnity pathway expected to dominate at seawater
[Zn] (John et al., 2007) such that:
66

kassimilation = 0.9998 · kassimilation

where
take of

66

(5)

kassimilation and kassimilation are the rate constants for upZn and 64 Zn, respectively. Similarly, Cd assimilation was

66
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parameterized with an isotope effect of −0.4h based on the biological fractionation of Cd isotopes observed in the Antarctic Circumpolar Current (Abouchami et al., 2011) such that:
114

kassimilation = 0.9996 · kassimilation .

(6)

For Zn only, the rate of scavenging onto organic particles was deﬁned as:

J scavenging = kscavenging · [POCd] · [Zn]

(7)

where [POCd] is the concentration of organic Cd at each depth
(which is assumed to be proportional to the total concentration of organic particles), and scavenging occurred with the
experimentally-determined isotope effect of 0.58h so that:
66

kscavenging = 1.00058 · kscavenging .

(8)

Biological remineralization is parameterized according to the logarithmic dissolution of organic material with depth according to the
equation:


F z = F 100 ·

z

b

100

(9)

where F z is the ﬂux at depth z, F 100 is the ﬂux at 100 m, z is
depth, and b is a variable describing the rate at which organic
matter remineralizes (Martin et al., 1987). Boundary conditions
at 1000 m were held constant at [Cd] = 0.55 nmol kg−1 , [Zn] =
2 nmol kg−1 , δ 114 Cd = +0.5h, and δ 66 Zn = +0.5h based on data
from station USGT10-10. The layer model was constructed with
100 layers, each 10 m thick, where for each depth the full version
of Eq. (4) includes mixing, loss to biological uptake and scavenging, and inputs from biological remineralization and desorption.
Because the rates of remineralization and desorption depend on
processes which occur higher in the water column, this yields a
set of 100 equations, one for every depth, each of which contains
up to 100 unknowns, the Zn concentrations at every depth, solved
by matrix inversion in Matlab.
The model was constrained to ﬁt data from station USGT10-10
by minimizing the sum of squared errors between model output and a linear interpolation between data points at depths each
10 m. First, kassimilation was adjusted to ﬁt the observed seawater
dissolved δ 114 Cd proﬁle. Then, b was adjusted to match the observed [Cd] proﬁle. Because these two parameters interact, they
were determined iteratively. However, because kassimilation mostly
affects δ 114 Cd in the upper portion of the proﬁle while b mostly
affects [Cd] in the lower part of the proﬁle, minimized error in
both δ 114 Cd and [Cd] was achieved after a few iterations. The error between modeled and observed [Zn] was minimized by varying
kscavenging . Finally, the δ 66 Zn proﬁle was predicted from the model,
without adjusting any further parameters to match observations.
Model sensitivity to the choice of isotopic fractionations was tested
by varying the biological isotope effects for Cd and Zn assimilation from 0 to −1h, and varying the isotope effect for scavenging
from 0 to +1h, covering more than the observed range for biological fractionation (Abouchami et al., 2011; John et al., 2007;
Lacan et al., 2006) and Zn adsorption to biological material (this
study; Gélabert et al., 2006).
3. Results and discussion
3.1. North Atlantic data
Five high-resolution paired proﬁles of Zn, δ 66 Zn, Cd and δ 114 Cd
are presented from the US GEOTRACES North Atlantic Zonal A03
Transect (USGT10 and 11; Fig. 1). In all proﬁles, Cd concentrations
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Fig. 1. Zn and Cd concentration and stable isotope proﬁles from the ﬁve locations in the North Atlantic reported here, two previously reported locations in the Paciﬁc
including the North Paciﬁc (John, 2007) and station P4 (Bermin et al., 2006) and three locations in Southern Ocean (Zhao et al., 2014). The full North Atlantic data including
errors are presented in Table S2.

decrease monotonically towards the surface over the upper 800 m
of the water column with a nearly linear relationship to concentrations of N and P. δ 114 Cd increases monotonically over this same
range, consistent with preferential biological assimilation of light
Cd isotopes. Zn concentrations also decrease towards the surface,
although the decrease is more gradual, similar to Si. δ 66 Zn has
an overall decrease towards the surface. However, in the one case
where the surface sample (2 m, station USGT10-10) was of suﬃcient Zn concentration to allow determination of the stable isotope
ratio, δ 66 Zn increased in the uppermost sample producing a ‘negative excursion’ in the δ 66 Zn proﬁle just below the mixed layer. Two
published Zn isotope proﬁles from the North Paciﬁc and two out
of three proﬁles in the Southern Ocean have a similar negative excursion, with lower δ 66 Zn in the upper thermocline compared to
both deeper waters and the surface (Fig. 1; Bermin et al., 2006;
John, 2007; Zhao et al., 2014).

Of all the proﬁles in Fig. 1, North Atlantic waters display the
most dramatic sub-surface decreases in δ 66 Zn and increases in
δ 114 Cd, occurring within North Atlantic Central Water (NACW;
above ∼600 m) in the western basin (USGT11-10 and -12) and
Atlantic Equatorial Water (also above ∼600 m) near the African
margin. The local nature of these water masses suggests that these
features are produced within the North Atlantic, rather than being advected from further away. The extended light δ 66 Zn signature <600 m close to Bermuda may point to lateral advection of
nutrient-depleted Subtropical Mode Waters (STMW; Palter et al.,
2005), which form the basis of NACW, which itself may have a
light δ 66 Zn due to scavenging in STMW source regions.
In general, however, simple processes do not easily explain
the negative excursions often observed in δ 66 Zn near the surface.
Because the negative excursion is typically observed within the
upper 200 m of the water column we conclude that it results
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from 1-dimensional vertical processes, rather than being horizontally mixed or advected in from a distant location. The increase in
δ 66 Zn towards the surface can be ascribed to biological uptake of
isotopically light Zn. Remineralization of this isotopically light biological material could contribute to the lower δ 66 Zn below the
surface, however our initial expectation is that such remineralization would lead to a monotonic decrease in δ 66 Zn with depth, as
is observed for δ 114 Cd, rather than the negative excursion which is
often observed. Non-steady state processes might also account for
the excursion, such as deep mixing which homogenizes δ 66 Zn over
the upper ∼200 m, followed by separation of isotopically light and
heavy zinc within the upper 200 m due to biological uptake and
remineralization. However, if this were the case we would expect
δ 114 Cd to have the same negative excursion in its proﬁle. Finally,
it could be that light and heavy Zn isotopes are not released into
the dissolved phase at the same rate. This could be due to either
the presence of an isotopically-light labile phase within cells and
an isotopically heavy refractory phase, or to the scavenging of isotopically heavy Zn onto particles after remineralization.
3.2. Culture data
The concentrations and isotopic compositions of Zn and Cd
were monitored within a degrading culture of Dunalliela tertiolecta
in order to distinguish between the hypothesis that the δ 66 Zn excursion is caused by sequestration of isotopically heavy Zn within
a refractory phase, and the hypothesis that the excursion is caused
by scavenging. As much as possible, these experiments were designed to mimic the conditions of the natural ocean. Because our
cultures were transferred from non-axenic cultures, we expect that
heterotrophic bacterial degradation was the primary pathway for
remineralization, as in the real ocean. No synthetic ligand was
added to the mixture, but we expect that dissolved organic Znbinding ligands were be released during bacterial degradation of
the cells, as occurs in the natural ocean (Bruland, 1989).
Concentrations of P, Zn, and Cd, and the stable isotope ratios
δ 66 Zn and δ 114 Cd, were determined in the dissolved, adsorbed and
particulate phases over 12 days. P, Zn and Cd concentrations in
the particulate phase decreased over the ﬁrst four days of the
experiment, then remained relatively constant until day twelve
(Fig. 2), suggesting, that, for each element, there is a labile particulate phase that degrades within the ﬁrst few days, and a more
refractory particulate phase that does not degrade on the timescale
of this experiment. The ﬁrst-order rate constant for release of Zn
from the labile organic phase was 1.12 ± 0.12 d−1 , which is ∼40
times faster than the rate at which Si is released from natural
diatoms under similar temperatures and experimental conditions
(0.026 d−1 ) (Lawson et al., 1978). Following dissolution of the labile particulate phase (after day 4), 93% of the released P and 85%
of the released Cd remained in the dissolved phase, while only 39%
of the released Zn remained in the dissolved phase and 61% was
re-adsorbed to particles.
D. tertiolecta preferentially assimilated lighter isotopes of both
Cd and Zn from the culture media (Fig. 3). The biological isotope effect for Zn and Cd assimilation were δ 66 Znplankton-media =
−0.76 ± 0.02h and δ 114 Cdplankton-media = −0.86 ± 0.04h. Zn
isotope fractionation was similar to the −0.8h isotope effect observed for the diatom T. pseudonana when grown under Zn replete
conditions (>1 nmol L−1 Zn2+ ) so that Zn uptake is dominated by
a low-aﬃnity transport system (John et al., 2007). Cd isotope fractionation was similar to the −1.36 ± 0.56h isotope effect previously measured for the freshwater algae Chlamydomonas reinhardtii
and Chlorella (Lacan et al., 2006). The magnitude of Cd isotope
fractionation observed in culture is larger than the −0.2h or
−0.4h fractionations inferred for Southern Ocean phytoplankton
in the Weddell Sea and Antarctic Circumpolar Current, respectively

Fig. 2. Relative partitioning of P, Zn, and Cd between the dissolved (light gray), adsorbed (black), and particulate (dark gray) phases in a concentrated suspension of
degrading D. tertiolecta cells. The rate of particle degradation predicted by assuming that degradation is a ﬁrst-order process with respect to particle concentration
is shown as a black line.

(Abouchami et al., 2011). Differences between Cd isotopic fractionation in nature and in culture could be due either to interspecies
variability, or to differences in the uptake pathway employed by
phytoplankton at different Cd concentrations, as has been previously observed with Zn (John et al., 2007). We ﬁnd that Zn and
Cd are fractionated by the same relative amount (−24.3 ± 0.6h
and −23.7 ± 1.1h amu amu−1 , respectively). This suggests that a
similar membrane transporter or physiological mechanism may be
involved in isotope fractionation of both Zn and Cd during uptake
by phytoplankton. This is consistent with previous observations
that Zn and Cd share a transport pathway at high concentrations
(Sunda, 2012).
The isotopic composition of both Cd and Zn released from the
particulate phase during the degradation experiment was similar to the overall composition of D. tertiolecta cells (Fig. 3).
Of the Zn released from cells, however, the Zn that remained
in the dissolved phase was isotopically lighter than the cells
(δ 66 Zndissolved-plankton = −0.27 ± 0.11h), while the Zn that readsorbed to organic particles was heavier (δ 66 Znadsorbed-plankton =
+0.32 ± 0.07h), throughout the experiment (Fig. 3). The speciﬁc mechanisms by which Zn is readsorbed onto particulate material and isotopically fractionated are unknown. However, the
extracellular binding of Zn to the diatom Skeletonema costatum
takes place mostly by coordination to organic carboxylate moieties (Pokrovsky et al., 2005), suggesting that a similar binding
may dominate Zn binding to degrading D. tertiolecta. Adsorption
of inorganic Zn to diatoms has previously been observed to concentrate heavier isotopes on particles with δ 66 Znadsorbed-dissolved
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Fig. 3. The isotopic composition of Zn (δ 66 Zn) and Cd (δ 114 Cd) in a cell suspension of decomposing D. tertiolecta, relative to the media in which the phytoplankton were
grown (media δ 66 Zn and δ 114 Cd are deﬁned as 0h). The isotopic composition of the phytoplankton cells measured in a total digestion of cells at the beginning of the
experiment is shown as a white diamond, and the measured isotopic composition of the dissolved and adsorbed phases at each time point are shown as gray and black
circles respectively. The isotopic composition of the total metal released from the particles (dissolved + adsorbed), as calculated by mass balance, is shown as a black dashed
line. Errors are not shown for the dissolved + adsorbed phase, and are smaller than data points for δ 66 Zn.

isotope effects of +0.27h to +0.43h (Gélabert et al., 2006).
The slightly larger δ 66 Znadsorbed-dissolved of +0.58h measured
in our experiments is consistent with theoretical predictions for
a range of ligands (Black et al., 2011; Fujii and Albarède, 2012;
Fujii et al., 2011), perhaps reﬂecting the organic complexation
of dissolved Zn in solution. Adsorbed Zn was released by EDTAoxalate leaching within 20 min, indicating that Zn exchanges between these phases on a shorter timescale than Zn is released from
particles; therefore, we suggest that an equilibrium isotope effect
is most likely responsible for the observed fractionation.
These results support the hypothesis that scavenging is responsible for the observed negative excursion in marine δ 66 Zn proﬁles.
As observed in these experiments, the preferential biological uptake of lighter isotopes in the surface ocean explains the increase
in δ 66 Zn often observed in the surface ocean. The negative excursion in δ 66 Zn observed below the surface ocean is attributed to
preferential loss of isotopically heavy Zn due to scavenging. The alternative hypothesis, that the negative excursions in δ 66 Zn are due
to remineralization of cells containing an isotopically light labile
phase and an isotopically heavy refractory phase, are not supported
by these experiments. These culture experiments do not provide
any evidence of either a refractory soft-tissue biological phase
in cultured phytoplankton, or that Zn which remineralizes more
slowly has a different isotopic composition than Zn which remineralizes more quickly. Of course, D. tertiolecta is not a predominant
organism in the natural ocean, and the Zn and Cd concentrations
in which the cells were initially grown are much higher than natural concentrations, so the internal cellular storage of Zn and Cd
may be different than for open-ocean phytoplankton (Horner et al.,
2013). It remains possible that natural phytoplankton do contain
an isotopically heavy refractory Zn phase. However, considering
that our data are consistent with a hypothesis of Zn scavenging,
we are motivated to explore how this process might impact the
global biogeochemical cycling of Zn.
3.3. Modeling
Based on the results of degradation experiments and the observed marine proﬁles of δ 66 Zn (Figs. 1–3), we hypothesize that
scavenging strongly inﬂuences the marine distribution of Zn. This
hypothesis was tested with a simple 1-dimensional vertical model
of Zn and Cd isotope cycling. This model includes the processes
of vertical mixing, biological assimilation, regeneration of sinking
biological particles and, only for Zn, scavenging. Three parameterizations for Zn scavenging were tested, one in which Zn was
adsorbed to biological material and never released (‘irreversible
scavenging’), one in which Zn was scavenged onto biological par-

Fig. 4. Modeled Zn and Cd concentrations and stable isotope proﬁles for runs with
no scavenging, irreversible scavenging, regeneration of scavenged Zn from biological particles, and reversible scavenging of Zn onto biological particles, compared to
vertical distributions of each from N. Atlantic station USGT10-10, near the African
margin. Fadsorbed is the fraction of total Zn at each depth found in the adsorbed
phase.
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Fig. 5. Model sensitivity analysis for different Zn isotope fractionation factors and Zn uptake rate constants. Model output for estimated natural fractionations of 0.2h for Zn
uptake and 0.58h for Zn scavenging is presented for comparison (A; same as in Fig. 4); with no fractionation during scavenging or uptake, model-predicted δ 66 Zn does not
change (B), with only a 1h isotope effect for uptake, δ 66 Zn increases monotonically towards the surface (C), with only a 1h isotope effect for scavenging, δ 66 Zn decreases
monotonically towards the surface (D), with fraction factors of 1h for both uptake and scavenging, the magnitude of the δ 66 Zn excursion increases compared to estimated
natural fractionations (E). Applying the estimated natural fractionations, but decreasing the rate constant for Zn uptake by a factor of 1000 decreases the magnitude of the
δ 66 Zn increase above the excursion (F). Besides δ 66 Zn, all other model output is the same as in Fig. 4.

ticles and released in proportion to the degradation of organic
particles (‘regenerative scavenging’), and one in which Zn was continually adsorbed and released from sinking particles (‘reversible
scavenging’). This simple model neglects the effects of horizontal
advection. Steady state 1-dimensional models are more appropriate for processes which occur over shorter vertical length scales.
Within the upper 1000 m of the North Atlantic, nutrient distributions are greatly inﬂuenced by vertical processes, though they also
represent the inﬂuence of horizontal mixing and advection from
the northern North Atlantic and Southern Ocean.
Despite model limitations, it is encouraging that the model reproduces both qualitative and quantitative aspects of the observed
δ 66 Zn proﬁle (Fig. 4). Regardless of the scavenging parameterization used (irreversible, regenerative, or reversible), the model predicts convex upwards-decreasing dissolved δ 66 Zn towards the top
of the thermocline. Close to the surface, within the mixed layer,
the model predicts increasing δ 66 Zn leading to a negative excursion similar to those seen in many natural proﬁles. The model
predicts that less than 1% of the total Zn at any depth (dissolved +
particulate) is found in the adsorbed phase for reversible scavenging, less than 0.1% for regenerative scavenging, and less that 0.01%
for irreversible scavenging. The fact that Zn scavenging was so
much higher (61%) in our culture experiments is most likely a reﬂection of the much higher particle concentration in culture compared to the open ocean. The model also predicts that throughout
the water column the majority of particulate Zn is adsorbed, rather
than assimilated, suggesting that the gradual Zn enrichment of
deep waters is due to dissolution of adsorbed rather than regenerated assimilated Zn.
Sensitivity analysis of the model shows that only the combined action of scavenging and uptake can produce a negative
excursion in δ 66 Zn (Fig. 5). No change in δ 66 Zn is observed with
α values of 1 (fractionation of 0h). Isotope fractionation during
scavenging alone (αscav = 1.001) leads to a monotonic decrease in
δ 66 Zn towards the surface, while fractionation during uptake alone
(αscav = 0.999) leads to a monotonic increase. Simultaneously increasing amount of isotopic fractionation for both processes to h
increases the magnitude of the excursion, but does not change the
basic shape of the δ 66 Zn proﬁle. Finally, we notice that all versions
of the model overpredict the increase in δ 66 Zn at the very surface
(above the excursion) compared to the data. A possible explana-

tion for this is that the uptake constant for Zn uptake is set to be
equal to the uptake constant for Cd uptake, when in fact it may be
that Cd is more readily acquired by phytoplankton in the surface
ocean. Indeed, Zn concentrations in the surface ocean are not as
depleted as Cd (Fig. 1, Table S2). To account for this we decreased
the kassimilation for Zn by a factor of 1000 compared to Cd, thereby
decreasing the magnitude of the δ 66 Zn increase in the uppermost
ocean and providing model output more similar to observations.
Based on the sensitivity analysis and the simplicity of our
model, and considering that various combinations of parameters
reasonably reproduce North Atlantic water-column data, we feel
it would be premature to draw conclusions as to which scavenging mechanism is dominant for Zn in the natural ocean (irreversible, regenerative, or reversible). Equally, the magnitude of
isotopic fractionation during Zn uptake and scavenging is not yet
clear. However the more general conclusions of our modeling, that
the combined actions of biological uptake and scavenging can produce δ 66 Zn proﬁles similar to those observed in the ocean and that
only a small portion of Zn must be in the adsorbed phase at any
depth, appear robust.
From the processes observed in a 1-dimensional model of the
upper 1000 m at a single station, we can infer the processes that
may underlie the global distribution of Zn and δ 66 Zn. Our model
demonstrates that remineralization plus scavenging can cause Zn
to be released from sinking particles into the dissolved phase at
roughly the same length scale as Si. Even though the processes
controlling the dissolution of biogenic Si and Zn are very different,
if both elements are nearly completely removed from the dissolved
phase in surface waters and both elements are regenerated with
the same length scale, their global distribution ought to be similar.
Global patterns such as the relative enrichment of both elements
in the deep North Paciﬁc compared to the deep North Atlantic and
the similar enrichments in speciﬁc water masses (e.g. AABW) can
therefore be attributed to the similar rates at which Zn and Si are
biologically taken up and released from particles, superimposed on
the 3-dimensional circulation of the ocean.
4. Conclusions
Scavenging of Zn onto sinking organic matter reconciles previously discordant observations about marine biogeochemical Zn
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cycling. The apparent deeper regeneration of Zn in the ocean, compared to Cd and P, is attributable to scavenging of dissolved Zn
onto particles, followed by deeper, slower, dissolution of adsorbed
Zn, generating depth proﬁles similar to that of Si. The decrease in
dissolved δ 66 Zn towards the surface, despite uptake of isotopically
light Zn into phytoplankton, results from adsorption of isotopically
heavy Zn onto particles. δ 66 Zn proﬁles in the ocean reﬂect the
varying balance between Zn assimilation and scavenging at different depths in the water column; the negative excursion observed
in δ 66 Zn proﬁles is explained by the predominance of biological
light Zn assimilation in surface waters, and the predominance of
scavenging removing heavier isotopes from the thermocline.
Recognizing the importance of Zn scavenging is vital for the development of δ 66 Zn as a tracer of biogeochemical processes in the
ocean. δ 66 Zn should trace the balance between assimilation and
scavenging throughout the oceans, and both processes are strongly
inﬂuenced by primary productivity. For example, our N. Atlantic
data show decreasing δ 66 Zn towards the surface due to predominant scavenging, while diatom and dissolved δ 66 Zn in the Southern
Ocean have a mixed response to decreasing seawater Zn concentrations, suggesting a more complicated relationship between assimilation and scavenging in this region (Andersen et al., 2011;
Zhao et al., 2014). We suggest that δ 66 Zn, ideally paired with
δ 114 Cd which is not scavenged, may be a useful tracer for constraining changes in the distribution of global phytoplankton productivity for modern climate change, and as a proxy for past global
change where shifting productivity inﬂuenced glacial–interglacial
cycles.
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