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The balance of processes that control elemental distributions in the modern oceans is
important in understanding both their internal recycling and the rate and nature of their
eventual output to sediment. Here we seek to evaluate the likely controls on the vertical
proﬁles of Cu and Zn. Though the concentrations of both Cu and Zn increase with depth,
Cu increases in a more linear fashion than Zn, which exhibits a typical “nutrient-type”
proﬁle. Both elements are bioessential, and biological uptake and regeneration has often
been cited as an important process in controlling their vertical distribution. In this study,
we investigate the likely importance of another key vertical process, that of passive
scavenging on sinking particles, via a simple one-dimensional model of reversible
scavenging. We ﬁnd that, despite the absence of lateral or vertical water advection,
mixing, diffusion, or biological uptake, our reversible scavenging model is very
successful in replicating dissolved Cu concentration proﬁles on a range of geographic
scales. We provide preliminary constraints on the scavenging coefﬁcients for Cu for a
spectrum of particle types (calcium carbonate, opal, particulate organic carbon, and dust)
while emphasizing the ﬁt of the shape of the modeled proﬁle to that of the tracer data. In
contrast to Cu, and reafﬁrming the belief that Zn behaves as a true micronutrient, the
scavenging model is a poor match to the shape of oceanic Zn proﬁles. Modeling a single
vertical process simultaneously highlights the importance of lateral advection in
generating high Zn concentrations in the deep Paciﬁc.

[1]

Citation: Little, S. H., D. Vance, M. Siddall, and E. Gasson (2013), A modeling assessment of the role of reversible scavenging
in controlling oceanic dissolved Cu and Zn distributions, Global Biogeochem. Cycles, 27, 780–791, doi:10.1002/gbc.20073.

1. Introduction
[2] The factors that control the distribution of trace metals are of prime importance to the biogeochemistry of the
oceans [Bruland and Lohan, 2003], including the potential control these micronutrients exert on the intermediate
timescale carbon cycle [Morel et al., 2003; Morel and Price,
2003]. The oceanic behavior and distribution of these trace
metals have been studied since analytical advances in the
early 1970s made possible robust determination of their
concentrations (reviewed in Bruland and Lohan, [2003]).
The likely importance of biological uptake was quickly
recognized in vertical proﬁles of dissolved Cd, which are
conspicuously similar to those of the major nutrients [Boyle
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et al., 1976; Bruland et al., 1978; Martin et al., 1976].
In fact, concentrations of many trace metals increase with
depth (including Zn, Cu, Ni, and Fe). This observation,
given the known role of many metals as micronutrients
[e.g., Morel et al., 1991, 2003], is frequently explained by
recourse to the process of biological uptake and regeneration
[Collier and Edmond, 1984]. It is accepted that Fe is limiting
for phytoplankton in some parts of the global ocean [Boyd
et al., 1996; Martin and Fitzwater, 1988], and there is
evidence that low concentrations of Zn [Anderson et al.,
1978; Brand et al., 1983; Morel et al., 1994; Sunda and
Huntsman, 1992] may also limit phytoplankton growth,
though this hypothesis remains controversial [e.g., Ellwood
and Van den Berg, 2000]. Moreover, the shallow recycling
of Cu has been attributed to biology based on the agreement of Cu concentrations, Cu:C ratios, and Cu:PO4 ratios
in cultured and harvested North Paciﬁc phytoplankton, and
in nutricline water samples [Sunda and Huntsman, 1995a].
[3] The dissolved concentrations and distributions of
trace metals in the oceans do not solely reﬂect biological
activity, however. Bruland and Lohan [2003] review the
combinations of processes of potential importance, including external sources to the ocean, internal recycling, complexation with organic ligands, and removal processes in
the water column. Superimposed on these ﬁrst-order vertical processes is the ocean circulation, i.e., lateral transport
within water masses. The key removal process, other than
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Table 1. List of Data and Associated References Collated for Use in Modelinga
Basin

Cruise/Vessel

Station ID(s) (#)

Date Sampled

Cu

Zn

Reference

H-77
C-I
C-II
VERTEX VII
C.S.S. John Tully
KH-00-3

17
Line T [4]
Lines P and Z [9]
Line BO [7]

Sep-77
Mar-78
Jul-78
Jul/Aug-87
Feb/Sep-99
Jun/Jul-00

y
y
y
y
n
y

y
y
y
y
y
y

Bruland [1980]
Bruland [1980]
Bruland [1980]
Martin et al. [1989]
Lohan et al. [2002]
Ezoe et al. [2004]

E Atlantic
S Atlantic

JGOFS: RV Atlantis II
RRV Challenger 76/91
MERLIM: RV Pelagia
RV Meteor
RV Meteor

47ı N 59ı N
13
9
45
79

May/Jul-89
Mar-91
Mar-98
Apr-90
Mar-90

y
n
n
y
y

y
y
y
n
n

Martin et al. [1993]
Ellwood and Van den Berg [2000]
Ellwood and Van den Berg [2000]
Yeats et al. [1995]
Yeats et al. [1995]

SW Indian

Charles Darwin 15/86

2347

Aug-86

y

y

Morley et al. [1993]

JGOFS ANT X/6
IPY ANT-XXIV/3

9xx [5]
PS104-6
PS163-1
PS113-2
1xx [9]
2xx [4]

Nov-92
Feb/Mar-08

y
n

y
y

Löscher [1999]
Zhao [2011]

Feb/Mar-10
Apr-10

n
n

y
y

Croot et al. [2011]
Croot et al. [2011]

NE Paciﬁc

N Paciﬁc
N Atlantic

Southern
Ocean

ANT24-3 PS71
ANT24-3 PS71

a
See also Figure 1. VERTEX, Vertical Transport and Exchange Study; JGOFS, Joint Global Ocean Flux Study. RV, Research
Vessel; IPY, International Polar Year; ANT, Antarctic; MERLIM, Marine Ecosystems Regulation: Trace Metal and Carbon Dioxide
Limitations Study.

active biological uptake, is passive scavenging on sinking
particles, and predicting the fate of trace elements on
sorption to such particles is a topic with a considerable
early literature [Balistrieri et al., 1981; Boyle et al., 1977;
Clegg and Whitﬁeld, 1990; Craig, 1974; Hunter, 1983].
More recently, it has been suggested that all metals except
Cd associated with biogenic particles are adsorbed to surfaces and are not intracellular [Yang et al., 2012]. Bacon
and Anderson [1982] considered a spectrum of scavenging models, from irreversible uptake to reversible exchange,
in their attempt to explain the vertical distributions of dissolved and particulate Th isotopes. They conclude that the

close to linear increase in concentration of both phases
with depth is consistent with continuous exchange of Th
between seawater and particle surfaces, so-called “reversible
scavenging.” The extent to which passive scavenging and
biological uptake control depth proﬁles of trace metals in
the ocean is of fundamental importance to their marine
chemistry, since it controls both their recycling within the
water column and the nature and rate of the eventual output
from the dissolved pool to the sediment. In this study, we
investigate the extent to which reversible scavenging could
explain the dissolved concentration proﬁles of Cu and Zn,
using a simple one-dimensional modeling approach simi-

Figure 1. Map showing the location of modeled dissolved Cu (blue circles) and Zn (red circles) concentration proﬁles. Dashed lines and labels illustrate regional divisions chosen after selecting particle export
ﬂux values from the maps of Sarmiento and Gruber [2006], as summarized in Table 3. Data sources are
summarized in Table 1. A large data set for Zn in the Atlantic sector of the Southern Ocean is not shown
in this ﬁgure and was not modeled due to the presence of sufﬁcient Zn data from other studies for this
region [Croot et al., 2011].
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Table 2. Summary of Variables Used in Reversible Scavenging Model
Symbol
[Cu] or [Zn]
q
L
t
z
z0

Units
–1

nmol kg
s
m
m

ws
J

m yr–1
-

F
M
sw
R
zp o
zp o

mol (or g) m–2 yr–1
g m–3
kg m–3
m
m

C
Cp
Cd
K

nmol kg–1
nmol kg–1
nmol kg–1
-

S

-

Value

Comments

100

Measured dissolved Cu/Zn concentration
Representation of reversible scavenging
Physical transport (advection, convection, and diffusion)
Time
Depth (positive downward)
Base of euphotic zone

Dissolution Proﬁles
1000
Particle settling rate
C, 12.01
Molar mass of particle type
Si, 28.09
See Table 3
Particulate ﬂux out of euphotic zone
JF/ws
Particulate mass
1027
Density of seawater
M/sw
Particulate concentration (dimensionless)
2000
Penetration depth, CaCO3
10,000
Penetration depth, Opal
Scavenging Model
Cd at z0
Total tracer concentration
[S/(S + 1)]C
Particle-associated tracer concentration
Dissolved tracer concentration
KCaCO3 (1-108 )
Particle scavenging coefﬁcients,
Kopal (1-108 )
(random starting values)
KPOC (1-107 )
7
Kdust (1-10 )
The product of K and R

lar to that of Bacon and Anderson [1982]. This approach
has been used with success to replicate vertical distributions of Pa/Th [Marchal et al., 2000; Siddall et al., 2005]
and Nd isotopes [Siddall et al., 2008], within global ocean
models. A priori, it is expected that biological cycling
dominates [Zn] distributions, though a role for scavenging
has been suggested [Balistrieri et al., 1981; Hunter, 1983;
Yang et al., 2012]. Cu distributions have previously been
more strongly linked to scavenging [Boyle et al., 1977;
Bruland and Lohan, 2003].

2. Background, Philosophy, and Approach
2.1. Characteristics of and Likely Controls on Depth
Proﬁles of Cu and Zn
[4] Dissolved Zn has a typical “nutrient-type” distribution
in seawater. Deep-ocean concentrations are up to 1400 times
those at the surface, and there is a strong interbasin fractionation between the deep North Atlantic and North Paciﬁc—
concentrations increase by a factor of 5–7 between the two
basins (Figure 2b) [Bruland, 1980; Bruland and Franks,
1983; Bruland et al., 1994; Lohan et al., 2002; Martin et al.,
1989, 1993; Morley et al., 1993]. Zinc concentrations are
correlated with silicic acid, both being remineralized at
greater depth than the labile nutrients (e.g., N, P). This relationship is not a result of Zn uptake into the diatom opal
itself, however. Culturing studies have shown that the Zn/Si
ratio of diatom opal is much lower than in the deep North
Paciﬁc water column and that 97–99% of the Zn incorporated into diatoms resides in organic material [Ellwood and
Hunter, 2000]. A possible resolution of this apparent puzzle
is the “sheltering” of an organic C-associated Zn pool and

the release of this Zn on dissolution of the opal [Lohan et
al., 2002]. As well as being a micronutrient, Zn is a doubly
charged cation and is therefore expected to be particle reactive. Hence, though biological cycling is clearly implicated
in controlling Zn depth proﬁles, the extent to which scavenging contributes to the dissolved [Zn] pattern remains an
open question.
[5] Copper is also a micronutrient, though the free Cu2+
ion is toxic at very low concentrations (greater than 10–11 M)
[Brand et al., 1986; Moffett et al., 1997; Sunda and Guillard,
1976]. Copper has been termed the “Goldilocks” metal
[Bruland and Lohan, 2003], because its free ion concentration is buffered by a class of organic ligands to levels “just
right” for biological proliferation. In fact, organic complexation accounts for 95–99.8% of the dissolved phase of both
Zn and Cu in the oceans [Bruland, 1989; Coale and Bruland,
1988; Donat and Bruland, 1990; Ellwood and Van den Berg,
2000; Moffett and Dupont, 2007]. Dissolved Cu increases
linearly with depth and by a factor of 2–3 between the deep
Atlantic and Paciﬁc basins (Figure 2a) [Boyle et al., 1977;
Bruland, 1980; Ezoe et al., 2004; Martin et al., 1989, 1993;
Yeats et al., 1995]. Bruland and Lohan [2003] describe its
vertical proﬁle as hybrid between nutrient and scavengedtype; it is both biologically active and particle reactive, the
latter leading to intermediate and deep water scavenging
[Boyle et al., 1977; Craig, 1974; Yeats and Campbell, 1983].
2.2. Approach
[6] Our intention here is not to attempt a full quantitative description of the biogeochemical cycles of Cu and Zn
in the oceans. Rather, our principal objective is to assess
the likely role of one speciﬁc removal process in controlling
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Table 3. Particle Export Fluxes (F) Used in Modeling, as Described in Section 3.4a
Particle Export Fluxes
CaCO3
(mol C m–2 yr–1 )

Opal
(mol Si m–2 yr–1 )

POC
(mol C m–2 yr–1 )

Dust
(g m–2 yr–1 )

Paciﬁc:
Dust
NE Paciﬁc
Gyre margin
Gyre

0.25
0.15
0.05
0.01

0.85
0.4
0.1
0.05

4
2.3
0.5
0.3

40
5
10
10

SW Indian

0.04

0.05

0.4

1

Atlantic:
N/NE Atlantic
Far N Atlantic
SE Atlantic

0.07
0.13
0.15

0.3
0.35
0.05

3.8
6
1.85

5
2
5

Southern Ocean
Far S Ocean

0.16
0.04

0.25
1.5

2
1.8

1
1

Basin

a

Regional ﬂuxes used in the “global” model are highlighted in bold typeface.

their vertical cycling, that of reversible scavenging. The simple one-dimensional approach we employ is well suited to
this objective while highlighting the importance of processes
not included, such as the other dominant removal process,
biological uptake and regeneration, and vertical and lateral
advection of trace metals within water masses.
[7] One process that we do not explicitly attempt to understand is the key role that complexation to organic ligands
plays in the marine biogeochemistry of Cu and Zn. Though
a large proportion of the dissolved inventory of both these
metals is complexed in this way [Bruland, 1989; Coale and
Bruland, 1988, 1990; Ellwood and Van den Berg, 2000;
Moffett and Dupont, 2007], it is the nonorganically complexed portion that is generally thought to be involved in the
processes controlling their removal from the surface ocean
[Sunda and Guillard, 1976; Sunda and Huntsman, 1995b].
Further, the number and spatial distribution of Cu and Zn
speciation studies for vertical proﬁles in the open ocean is
limited, and their conclusions differ, for example, on the
importance of Cu-binding ligands outside of the euphotic
zone [cf. Coale and Bruland, 1988; Moffett and Dupont,
2007]. Those studies published to date have predominantly
been carried out on samples from the North Paciﬁc [Coale
and Bruland, 1988; Bruland, 1989; Coale and Bruland,
1990; Moffett and Dupont, 2007; Buck et al., 2012], with a
small data set for the North Atlantic [Moffett et al., 1990;
Campos and Van den Berg, 1994; Ellwood and Van den
Berg, 2000]. In this study, therefore, we view the organically
bound portion of both metals as a reservoir that resupplies
the pools that are actively involved in the passive scavenging process that we model. We will return to the impact of
this simplifying assumption in section 6.
2.2.1. Tracer Conservation and the Process of
Reversible Scavenging
[8] Our starting point for modeling dissolved Cu and
Zn is the tracer conservation equation, which describes
the relationship between the rate of change of the tracer
concentration with the processes that affect this concentration. Processes might include those outlined by Bruland
and Lohan [2003] and discussed in section 1, i.e., external
sources to the ocean, internal recycling, complexation with
organic ligands, and removal processes in the water column,

along with transport by advection and mixing (the ocean circulation). The tracer conservation equation for a tracer with
concentration C can be written simply as:
@C
= L(C) + q(C)
@t

(1)

where L(C) represents the physical circulation of the ocean
(i.e., advection within water masses) and q(C) represents the
internal (vertical) cycling within the water column.
[9] As stated in section 2.2, we do not attempt a complete description of tracer conservation. Instead, we investigate the extent to which the concentration proﬁles of
Zn and Cu can be explained by a speciﬁc internal (vertical) process, reversible scavenging, and parameterize q(C)
accordingly. Reversible scavenging is the passive uptake
of tracer on sinking particles, which are formed in/input
to the upper ocean and may dissolve with depth, thereby
releasing adsorbed metal to the dissolved phase (described
in section 3.4). The particle-associated tracer is assumed to
be in equilibrium with the dissolved phase, with continuous
exchange between the two pools [e.g., Bacon and Anderson,
1982]. As discussed, previous applications of a reversible
scavenging model [Bacon and Anderson, 1982; Marchal et
al., 2000; Nozaki et al., 1981; Siddall et al., 2005, 2008] have
been successful for elements whose concentrations generally
increase with depth, the case for both Cu and Zn.

3. Methods
3.1. Data Sources
[10] Dissolved Cu and Zn data sources used in modeling, and considered here to be particularly robust against
trace metal contamination, are listed in Table 1. Zn is especially sensitive to contamination, due to its ubiquity in
man-made goods. Of all data compiled, most met the criteria
we imposed for noncontamination. Excluded data have one
or both of the following features:
[11] 1. Extreme enrichments of Zn in surface waters,
uncorrelated with dust ﬂux, and thought likely to result from
ship-borne contamination.
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[12] 2. “Spiky” concentration proﬁles, deﬁned as rapid
deviations from depth to depth, which are not explained
by typical oceanic processes (such as mixing of contrasting
water masses).
[13] Vertical proﬁles were modeled on a variety of geographical scales (see also section 3.5). First, individually,
one-by-one. Second, grouped by region, with a region
deﬁned as an area within which particle export ﬂuxes
from the euphotic zone are assumed relatively invariant.
Third, several regions were modeled simultaneously. The
geographic locations of the proﬁles used in modeling are
illustrated in Figure 1, which also illustrates, schematically,
regional divisions. The Paciﬁc, for example, is divided into
four, each region labeled after a predominant characteristic.
The region labeled “Dust,” for example, is strongly inﬂuenced by the Gobi dust plume. The particle ﬂuxes used in
modeling are described in more detail in section 3.4.

Cu and Zn concentrations, Cp is calculated at the base of the
euphotic zone assuming that the total concentration CCd at
this depth.
[16] S can be expanded to incorporate a variety of particle
types, which might be expected to have differing K values
for Cu and Zn, including opal, calcium carbonate, particulate
organic carbon (POC), and dust. S then becomes

3.2. The Input Flux
[14] Both Cu and Zn only have stable isotopes derived
exclusively from sources external to the oceans at the surface
(including riverine and aeolian sources), neglecting lateral
and vertical transport (cf. Pa/Th isotopes) [Siddall et al.,
2005]. This study does not consider any potential hydrothermal input, because chalcophile elements (including Cu and
Zn) are believed to be quantitatively removed close to the
vent source [Cave et al., 2002; German et al., 1991, 2002;
Trocine and Trefry, 1988]. Given inputs only at the surface,
we make the simplifying assumption that, in the open ocean,
this input ﬂux is recorded in the average dissolved concentration at the base of the euphotic zone, which we deﬁne
between 50 and 150 m water depth. For conservation, this
input ﬂux must be balanced by downward scavenging.

K also remains constant with depth, while the particulate
concentration R decreases (as the particles dissolve). As
a result, the dissolved concentration, Cd , must increase,
reﬂecting the speciﬁc particle dissolution proﬁles imposed.

3.3. The Reversible Scavenging Model
[15] Variables used in the reversible scavenging model are
listed in Table 2, and follow those in Siddall et al. [2008].
Reversible scavenging assumes that the tracer is at equilibrium with falling particles and that reversible exchange
occurs between seawater and particle surfaces. This relationship can be described by an equilibrium scavenging
coefﬁcient, K, which is the ratio of the dissolved (Cd ) and
particulate-associated (Cp ) concentrations:
K=

Cp
Cd R

(2)

where R is the concentration of particulate matter. The value
of R is dimensionless, being deﬁned as the ratio of the
mass of particles per cubic meter to the density of seawater. The tracer (Cu or Zn) concentrations Cd and Cp have
units of nmol per kilogram of seawater, and K is therefore a
distribution coefﬁcient of tracer between the dissolved and
particulate phase. Note that the total concentration C is equal
to the sum of the particulate-associated and dissolved concentrations (i.e., C = Cp + Cd ) and that a smaller K value
reﬂects less particle-associated tracer. For such a scavenging
process, q can be parameterized as follows:
q(C) = –

@(ws Cp )
@z



where Cp =


S
C
S+1

(3)

where ws is the particle settling velocity and S = †KR. In the
absence of any observational data for particulate-associated

S = KPOC RPOC + KCaCO3 RCaCO3 + Kopal Ropal + Kdust Rdust

(4)

after Siddall et al. [2005, 2008].
[17] Mass balance with the input ﬂux is achieved through
the process of downward scavenging, and depends on the
particle-associated concentration Cp (equation (3)). Assuming steady state, and a uniform settling velocity, the implication is that Cp must be constant with depth. Rearranging
equation (2):
Cd =

Cp
KR

(5)

3.4. Particle Dissolution Proﬁles
[18] Four particle types are included in the model: calcium carbonate, opal, particulate organic carbon (POC), and
dust. Export ﬂuxes F (i.e., ﬂuxes sinking out of the euphotic
zone) for each particle type vary geographically according
to biological productivity and ecosystem dynamics, and for
dust, to the proximity of atmospheric dust plumes. Different ocean regions (see Figure 1) are thus subject to differing
export ﬂuxes, as summarized in Table 3. Dust ﬂuxes (in
g m–2 yr–1 ) were taken from the Global Ozone Chemistry
Aerosol Radiation Transport (GOCART) model simulations
[Ginoux et al., 2001]. Export ﬂuxes for the biogenic particle
types (in mol C or Si m–2 yr–1 ) were selected from maps plotted by Sarmiento and Gruber [2006]. Sarmiento and Gruber
[2006] calculate POC export from the empirical algorithm of
particle export ratio to primary production reported in Dunne
et al. [2005]. Their opal and carbonate ﬂuxes are then calculated using estimates of opal and carbonate to POC export
ratios, also from Dunne et al. [2005].
[19] On sinking out of the euphotic zone, the biogenic
particles dissolve, or are regenerated via grazing by zooplankton. This dissolution for POC and CaCO3 is parameterized as in the previous studies of Henderson et al. [1999],
Marchal et al. [2000], and Siddall et al. [2005]. CaCO3 is
described by an exponential penetration proﬁle with penetration depth (zp c) of 2,000 m [Henderson et al., 1999], and
POC by a power law (exponent b) [Berelson, 2001; Marchal
et al., 2000; Martin et al., 1987], both with respect to depth
(z, positive downward). Sarmiento and Gruber [2006] derive
an empirical dissolution proﬁle for opal based on sediment
trap data, and related by a linear factor to the POC power
law. An earlier parameterization of opal dissolution utilizes
an exponential penetration proﬁle like that described for
CaCO3 , with penetration depth for opal (zp o) of 10,000 m
[Henderson et al., 1999]. Results reported in this study are
based on the empirical opal dissolution proﬁle of Sarmiento
and Gruber [2006], but these results are compared to those
obtained using the exponential proﬁle in section 5 (sensitivity testing).
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[Cu] nM

[20] The biogenic particulate mass, M (in mol C or
Si m–3 ), is related to the particulate ﬂux F, the molar mass
J, and the settling rate ws (in m–3 yr–1 ), such that M = JF/ws
[Siddall et al., 2005]. Dissolution proﬁles with respect to
depth for the three biogenic particle types are therefore
as follows:


MPOC (z) = MPOC (z0 ) 

z
z0



(6)

–b

Mopal (z) = Mopal (z0 )  pe  zb0  z–0.448


z0 – z
Or Mopal (z) = Mopal (z0 ) exp
zp o

3.5. Model Optimization
[22] Modeling of dissolved Cu and Zn concentrations
is carried out for all data points below the euphotic zone
(z > z0 ). To optimize the reversible scavenging model for
its effect on Cu and Zn concentration proﬁles, we vary the
equilibrium scavenging coefﬁcients (K values) for the four
particle types. We then consider the resulting [Zn] and [Cu]
distributions via a cost function ( ), which is the root-mean
squared deviation of the model from the data. To do this,
we use the function “fmincon” in the MATLAB optimization toolbox. This function attempts to ﬁnd a constrained
minimum of a scalar function of several variables starting at
an initial estimate, within a region speciﬁed by linear constraints and bounds. In our case, it selects optimal values for
KPOC , Kopal , KCaCO3 , and Kdust :
=

p

†(data – Model)2

(10)

As stated in section 3.1, modeling (i.e., optimization of K
values) was carried out on a variety of scales, including
for individual proﬁles, for the four regions of the North
Paciﬁc, and for (close to) the entire global data set. Where
simultaneous modeling of more than one proﬁle from the
same region/multiple regions was attempted, individual proﬁles were aggregated and modeled as a single data set.
For the “global” model, the N/NE Atlantic and the Far N
Atlantic proﬁles, and the NE Paciﬁc and Paciﬁc gyre margin
proﬁles were combined and modeled simultaneously with
those of the SW Indian Ocean and those of the Southern
Ocean. Where two regions were combined (i.e., in the North
Atlantic and North Paciﬁc), the lower of the two export ﬂux
estimates for the two regions was used (see Table 3). This is
justiﬁed in part by the observation for Th that, where particle
concentrations are high, Kd values are systematically lower
than in areas with lower particulate concentrations [Guo
et al., 1995; Honeyman et al., 1988]. Combining regions

0
0

(a)

2000
3000

Atlantic data

5

10

(b)

1000
2000
3000
4000

5000

(8)

where z0 is the depth of the euphotic zone, taken as 100 m,
and pe is the particle export ratio. The exponent for POC
dissolution, b, is 0.858 [Martin et al., 1987].
[21] Dust is assumed not to dissolve signiﬁcantly with
depth. Our main motivation in including a dust ﬂux is to simulate the sorptive capacity of Fe and Mn oxides that coat the
surface of dust particles. Though these oxides are a minor
component of the total particulate ﬂux, they have a strong
afﬁnity for doubly charged cations like Cu and Zn [Catts and
Langmuir, 1986; Tessier et al., 1985, 1996].

[Zn] nM
6

4000

(7)

(9)

4

Depth, m

z0 – z
MCaCO3 (z) = MCaCO3 (z0 ) exp
zp c

2

1000

Depth, m



0
0

5000
Atlantic Model

Pacific data

Pacific Model

Figure 2. Typical dissolved (a) Cu and (b) Zn concentration proﬁles (ﬁlled circles, Atlantic; open circles, Paciﬁc)
from the Atlantic and Paciﬁc basins, with optimized ﬁts
(solid red line, Atlantic; dashed red line, Paciﬁc) achieved
using the reversible scavenging model. Measured [Zn]
shows strong depletions in surface waters and enrichment
at depth and between the two basins, and is not well
matched by the scavenging model. Measured Cu concentrations increase linearly and are well reproduced by the
scavenging model. Data for the Atlantic are from 59ı N
[Martin et al., 1993], and for the NE Paciﬁc from site H77
[Bruland, 1980].
allows the inclusion of a larger data set in the “global”
model, while, in order to avoid a bias toward one particular
region, the sum of the aggregated data points for each region
was targeted at n  100. This was possible for all cases
except for Cu in the Southern Ocean, where n = 76, and for
Zn in the Atlantic Ocean, where n = 42.
[23] Optimized K values show sensitivity to the initial
values. To counter this, we randomize selection of initial
K values and apply the optimization function iteratively in
order to better constrain the best ﬁt. Section 5 includes a
more in depth discussion of this, and of the sensitivity of
the model to other given parameters. The observation that
there may be multiple minima in K values is not surprising, however. Findings for Nd, for example, implicated zero
scavenging by POC. This was attributed to the similarity of
the dissolution proﬁles for POC and CaCO3 , and the potential for the erroneous attribution of scavenging by POC to
CaCO3 in the model [Siddall et al., 2008]. Final K values
reported in this study are thus tentative and require independent observational constraints. Rather, we prefer to reﬂect on
the relative success or otherwise of the technique in replicating measured tracer concentration proﬁles in order to learn
something about the process at ﬁrst order, i.e., is it plausible
that reversible scavenging can explain a signiﬁcant proportion of the variability in observed dissolved concentrations
of Cu and Zn?

4. Results
[24] Comparisons of the optimized reversible scavenging
model results with observational data are illustrated on a
local scale for both Cu and Zn in Figure 2. Two representative individual vertical proﬁles from the Atlantic and Paciﬁc
are modeled, the proﬁle from the far North Atlantic of
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Figure 3. Results of the reversible scavenging model for simultaneous modeling of Cu in the four
regions of the North Paciﬁc, as labeled.
Martin et al. [1993], and that of site H77 in the “margin
gyre” region of the Northeast Paciﬁc [Bruland, 1980].
Similar optimized model results can be achieved for other
individual proﬁles throughout the Atlantic, Paciﬁc, and
Indian Oceans. Figure 2 shows that, on the scale of an
individual proﬁle, the distribution of dissolved Cu can be
matched extremely well by the reversible scavenging model.
In contrast, the overall shape of the Zn proﬁles, with extreme
depletions in surface waters, mid-depth maxima, and fairly
constant Zn beneath, is not reproduced. In addition, the
very high deep Paciﬁc dissolved Zn concentrations are not
matched by the model. This is due to the small Zn input,
which, in the model, stems directly from very low average
[Zn] in the surface ocean at site H77 (at 0.15 nmol kg–1 ).
Arbitrarily increasing the Zn input permits the model to
generate deep water concentrations as high as the observed
values (8–10 nM), but the modeled proﬁle remains close
to linear.

[25] Next, the model (for Cu only) was expanded to
include all four regions of the North Paciﬁc. While Cu concentration proﬁles are relatively similar throughout the N
Paciﬁc, particle export ﬂuxes for the four regions are diverse
(see Table 3). This variability in export ﬂuxes introduces
strong constraints on the set of K values selected by the
optimization tool. The model results compared to observed
dissolved Cu concentrations for the four Paciﬁc regions are
illustrated in Figure 3. It shows that, despite the regional
variation in particle export ﬂuxes, it remains possible to
ﬁnd a single set of K values that describe the collated Cu
data for this basin relatively well. The K values selected
(using the empirical dissolution proﬁle for opal of Sarmiento
and Gruber [2006]) are the following: KCaCO3 = 7.8  107 ,
Kopal = 1.7  107 , KPOC = 0, and Kdust = 2.6  104 .
[26] Finally, the results for the “global” data set are illustrated for Cu and Zn in Figure 4. Once again, observed Cu
on this scale is well matched by the reversible scavenging

5

12
Atlantic
Pacific
Indian
Southern Ocean

10

Modelled [Zn], nM

Modelled [Cu], nM

4

3

2

1

0

8

6

4

2

(a)
0

1

2

3

4

0
0

5

Observed [Cu], nM

(b)
2

4

6

8

10

12

Observed [Zn], nM

Figure 4. Fits of the reversible scavenging model to the global data sets of dissolved (a) Cu and (b) Zn.
The solid line is the 1:1 relationship predicted for a perfect match of model to data. For Cu, the data and
model match remarkably well, even at this global scale. Boxed Indian Ocean data are discussed in the
text. For Zn, the ﬁt is poor, especially in the Paciﬁc.
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Figure 5. The effect of varying the starting values of scavenging coefﬁcients on the optimization of
these K values, as illustrated for modeling the global data set of [Cu]. (a and b) The randomly selected
starting Ki values generated by the model, in Ki CaCO3 –Ki opal and Ki CaCO3 –Ki dust space. (c and d) The
optimized K values output by the model using these starting values. Both pairs of plots are color coded for
the ﬁnal error (or cost function  ) associated with the optimized ﬁt, which in this case has  = 42.5, for
KCaCO3 = 5.4  107 , Kopal = 1.2  108 , and Kdust = 1.9  106 . KPOC is not shown, since this ﬁt implicates
no scavenging by POC.

model. This is despite the fact that both export ﬂuxes and
absolute Cu concentrations vary widely. Optimized K values
for the global Cu data set, using the empirical dissolution
proﬁle for opal of Sarmiento and Gruber [2006], are as follows: KCaCO3 = 5.4  107 , Kopal = 1.2  108 , KPOC = 0,
and Kdust = 1.9  106 . These K values lead to a small
deviation between model and observations in the southwest
Indian Ocean (boxed data, Figure 4a). Observed concentrations reach a maximum at approximately 3000 m and remain
constant thereafter, deviating from the linear increase that
is both predicted by the model and that is typical of the
observations at other locations (e.g., Figure 2a). The likely
applicability of these global K values for Cu is discussed in
more depth in section 5, but we note here that they should
be considered preliminary. We ﬁnd absolute optimized K
values to be sensitive to a range of factors, including the precise data set modeled—both to the selection of concentration
proﬁles, and to the regions included—compare optimized
K values for the global data set with those of the Paciﬁc
data set. In general, however, we note that dissolved Cu can
be well described by the process of reversible exchange on
particle surfaces.
[27] In contrast to Cu, the reversible scavenging model
is unsuccessful in matching proﬁles of dissolved [Zn], at
either the scale of an individual proﬁle, as discussed, or on
the global scale (Figure 4b). This suggests that the shape
of dissolved Zn depth proﬁles is dominated by another
process/processes, likely those of biological uptake and
regeneration, and lateral advection of dissolved Zn in deep
water masses.

5. Sensitivity Testing
5.1. Varying Initial K Values
[28] An inherent problem of optimization algorithms is
that they may ﬁnd local minima, with the initial values frequently determining the outcome [Kirkpatrick et al., 1983].
To investigate this phenomenon, we developed a version of
the model that generates random initial K values within speciﬁed bounds, and used the optimization tool for each set of
starting values. We then consider the cost function ( ) associated with the resultant optimized scavenging coefﬁcients.
This approach is illustrated for the global Cu data set in
Figure 5, with Figures 5a and 5b showing the randomized
initial K values, and Figures 5c and 5d the optimized scavenging coefﬁcients output by the model given these starting
values. Both pairs of plots are color coded by the cost function of the optimized result. The best ﬁt for this set of data is
 = 42.5, with no scavenging implicated by POC (total range
of  : 42.5 to 115). For this set of data, approximately 35% of
the generated starting values converge on the best ﬁt scavenging coefﬁcients (KCaCO3 = 5.4  107 , Kopal = 1.2  108 ,
KPOC = 0, Kdust = 1.9  106 ). The likelihood of convergence
on the best ﬁt of a set of starting K values appears comparatively random, though loosely related to the similarity of the
initial starting values to the optimized values. It is of passing
interest that the optimized scavenging coefﬁcients in KCaCO3
- Kopal space, for example, fall on a line with a negative slope
(Figure 5). Increased scavenging by CaCO3 is compensated
for by a reduction in scavenging by opal (recalling that a
smaller K value reﬂects less particle-associated tracer).
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Key, 1983], with the middle of this range (3 m d–1 , or
1000 m yr–1 ) used in this, and previous studies of this
type [Henderson et al., 1999; Marchal et al., 2000; Siddall
et al., 2005].
[30] Export ﬂuxes of different particles have units of mol
(or g, for dust) per m2 per year. The chosen settling rate
(of 1000 m yr–1 ) is used in calculating the steady state
particulate concentration at the base of the euphotic zone
(z = z0 ). In the model, this concentration then decreases
with depth according to the particle dissolution proﬁles
imposed (except dust, which is assumed not to dissolve).
The impact of decreasing the settling rate, for example, is
thus to increase the steady state concentration of particulate
material at any depth. This affects optimized K values, but
not modeled tracer concentrations. For the global model,
optimized scavenging coefﬁcients decrease by a factor of
20 for an equivalent decrease in settling rate (1000 to
50 m yr–1 ), but this reduction has no impact on the model
ﬁt to data, and the ﬁnal cost function ( = 42.5). Over this
range, KCaCO3 decreases from 5.4  107 to 2.7  106 , Kopal
from 1.2  108 to 5.8  106 , and Kdust from 1.9  106 to
9.5  104 . Smaller scavenging coefﬁcients signify an overall
reduction in particle-associated tracer, therefore compensating for the reduction in settling rate (and associated increase
in particulate concentrations).
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Figure 6. The impact of varying particle export ﬂuxes
between –20 and +20% of the used values on the optimized
scavenging coefﬁcients of CaCO3 , Opal, and Dust, for the
global data set of dissolved Cu. Three scenarios are shown
here: (top) varying all four particles (including POC) simultaneously, and varying (middle) CaCO3 and (bottom) opal
independently of the other three.
5.2. Varying Settling Rate
[29] In reality, particle dynamics in the ocean are considerably more complicated than the average settling velocity
used in this study suggests. Clegg and Whitﬁeld [1990] classify particulate matter into two particle groups, a course,
rapidly settling group, with particle radii of >50 m, and a
ﬁne, nonsettling, or slowly settling group, with particle radii
of 1–5 m. In terms of mass ﬂux to the sediment, the coarse
group is predominant. Settling rates of the coarse group have
been estimated from analyzing sediment trap data, with rates
of a few tens to 100–200 m d–1 . Further, it has been demonstrated that settling velocities increase with depth, from the
lower to the upper end of these estimates [e.g., Berelson,
2001]. However, it is the ﬁne group of particles that make
up the bulk of the total particulate mass in the water column, with diameters >100 m seen for only 1 in every
1010 particles [Sarmiento and Gruber, 2006]. Hence, on long
timescales on the scale of tracer removal from the water column, particle cycling can be simpliﬁed to an average settling
rate of these smaller particles. Attempts to constrain this
mean settling rate have used water column measurements of
particle reactive nuclides, rather than sediment trap material,
because the latter captures only the rapidly settling particles. Estimates range from 0.2 to 5.3 m d–1 [Krishnaswami
et al., 1976; Tsunogai and Minagawa, 1978; Mangini and

5.3. Varying Particle Export Fluxes
[31] The effect of varying particle export ﬂuxes between
+20% and –20% of the used values is illustrated in Figure 6
for the global data set for dissolved Cu. We evaluate this for
four scenarios: varying the ﬂuxes of all four particle types
simultaneously and varying each independently of the other
three (excluding POC, for which no scavenging is implicated when using the Sarmiento and Gruber [2006] opal
dissolution proﬁle). The effect of reducing particle ﬂux is
similar to that observed for decreasing settling rate, that of
a general reduction in optimized K values (i.e., an overall
decrease in particle-associated Cu). The behavior is not linear in this case, however; and the ﬁnal cost function varies
by approximately ˙10%. Note that changing the ﬂux of one
particle type independent of the other four primarily affects
the scavenging coefﬁcient of this particular particle (e.g.,
opal only, Figure 6). In conclusion, we note that the relative
magnitudes of the optimized scavenging coefﬁcients are sensitive to changing particle export ﬂuxes, and not to changing
settling rate. This sensitivity is implied by equation (4).
In contrast, their absolute magnitudes are sensitive to
both factors.
5.4. Scavenging by POC
[32] In the results, optimized K values for the global Cu
data set are given as KCaCO3 = 5.4  107 , Kopal = 1.2  108 ,
KPOC = 0, and Kdust = 1.9  106 . For both this data set, and
for that of the Paciﬁc, POC is predicted to contribute no
scavenging of Cu. This conclusion, if correct, is rather unexpected. Adsorption on organic materials is promoted by the
negatively charged functional groups present on cell walls
within most environmental pH ranges [e.g., Fein et al., 1997;
Daughney et al., 2002]. We suggest that the attribution of
zero scavenging of Cu to POC may be related instead to
the similarity of the opal and POC dissolution proﬁles. One
way to test this hypothesis is to compare the optimized K
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Figure 7. Fit of the reversible scavenging model to the
global data set of Cu using the alternative parameterization
of opal dissolution, an exponential dissolution proﬁle with
penetration depth 10,000 m (after Henderson et al., 1999;
Marchal et al., 2000). Note similar quality of ﬁt to that
illustrated in Figure 4a.
values for the same data sets, but instead using an alternative,
exponential, opal dissolution proﬁle (see section 3.4). This
exponential dissolution proﬁle for opal has been used in the
previous scavenging studies of Henderson et al. [1999] and
Marchal et al. [2000]. Results for the “global” data set using
this alternative dissolution proﬁle for opal are illustrated in
Figure 7. It is apparent that an equally good ﬁt to this data
set can be achieved ( = 36), but for a very different set
of scavenging coefﬁcients. The optimized K values are the
following: KCaCO3 = 0, Kopal = 3.1  107 , KPOC = 1.8  107 ,
and Kdust = 0. Similarly, utilization of the exponential proﬁle
in modeling the Paciﬁc Cu data set also predicts signiﬁcant
scavenging by POC. These results support the suggestion
that the absence of scavenging by POC in the original model
setup relates to the similarity of the POC and opal dissolution
proﬁles. The model is thus insufﬁciently well constrained to
report with certainty on the importance of different particle
types to the scavenging of Cu in the ocean. However, we
reﬂect that very good ﬁts to the data can be achieved, indicating an important role for scavenging in the internal cycling
of Cu in the ocean. A ﬁrmer conclusion to be arrived at with
respect to the relative importance of different particle types
requires a better knowledge of their dissolution proﬁles.

6. Discussion and Conclusions
[33] As noted in section 1, this study does not attempt a
comprehensive quantitative description of the oceanic biogeochemical cycles of Cu and Zn. In particular, both lateral
and vertical transport of dissolved trace metals by water
advection are not included, and neither is a major removal
process from the upper water column, biological uptake.
A further limitation of our approach is that it does not
into account the complexation of the transition metals by
organic molecules in the dissolved phase. We acknowledge
that this assumption may lead to inaccuracies in reported

absolute values of scavenging coefﬁcients, but if the size
of the ligand-bound pool is relatively invariant with depth,
it should affect neither their relative roles nor the modeled
proﬁle shapes. To date, there is too little published speciation data available with which to evaluate this assumption
on a global scale. Thus, we emphasize that the purpose of
this study is not to precisely evaluate scavenging coefﬁcients. Instead, we examine solely whether one end-member
vertical process, reversible scavenging, could be responsible
for explaining aspects of the shapes of the vertical proﬁles
of the two elements.
[34] Despite the simplicity of the approach, the results
shown in Figures 2, 3, and 4 show that reversible scavenging
can explain the approximately linear vertical distribution of
dissolved Cu, at all geographical scales. The model suggests that the key particle types for scavenging of Cu are
CaCO3 and opal, with a smaller role for dust. No scavenging is implicated by POC. This observation should be
considered provisional, however, due to the similarity of the
dissolution proﬁles of POC and Opal. Indeed, using an alternative dissolution proﬁle parameterization for opal, POC
is ascribed a signiﬁcant role. Sensitivity testing has also
highlighted that the relative magnitudes of the scavenging
coefﬁcients is contingent on the relative magnitudes of the
particle export ﬂuxes, and on the precise selection of the
data set to be modeled. Optimized scavenging coefﬁcients
reported in this study for Cu thus require independent veriﬁcation, and should be approached with caution when seeking
to apply them directly in future studies.
[35] Mass balance in the reversible scavenging model can
be used to estimate the residence time of Cu, via the particleassociated ﬂux (Cp ) out of the euphotic zone. Doing so gives
an estimated residence time for Cu of circa 20–25,000 years,
four or ﬁve times longer than the widely cited value calculated from riverine and atmospheric inputs, of 5000 years
[Boyle et al., 1977]. The higher the particulate-associated
concentration, and larger the export ﬂuxes, the shorter the
calculated residence time. Overestimation of the residence
time of Cu compared to the published value implies an
additional ﬂux of Cu out of the euphotic zone. This additional ﬂux is likely associated with the rapidly sinking,
large-particle removal pathway, as described in section 5.2.
[36] In general, the dissolved proﬁles of Cu are well
described by the reversible scavenging model. This is not
the case for Zn, however, with the model simulating only
relatively linear increases in tracer concentration with depth.
Linear shapes are very unlike those observed for Zn, which
exhibit low concentrations in surface waters, increasing
rapidly toward mid-depth maxima, and high concentrations
in deep waters (Figure 2). The Zn proﬁle shape is commonly
ascribed to biological uptake in surface waters and regeneration at depth [e.g., Bruland, 1980], and this study lends
support to the hypothesis that Zn behaves as a true micronutrient [cf. Yang et al., 2012]. The importance of scavenging
in controlling dissolved Cu has been recognized previously
[Boyle et al., 1977; Bruland, 1980; Craig, 1974; Yeats and
Campbell, 1983], with the caveat that biology is likely also
playing a role, leading to the labeling of Cu as having
“hybrid”-type behavior in seawater [Bruland and Lohan,
2003]. Cu is bioessential, and evidence cited for the role of
biology in controlling dissolved Cu includes the similarity
of cellular and seawater Cu:C ratios [Sunda and Huntsman,
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1995a]. Taken at face value, however, this study suggests
that biological uptake and regeneration is a minor player in
the cycling of dissolved Cu.
[37] Another process is clearly of particular signiﬁcance
to Zn in the deep Paciﬁc Ocean, where reversible scavenging cannot explain its high concentrations. This process
is lateral water advection. Paciﬁc deep waters are enriched
in all of the major nutrients and have the oldest recorded
radiocarbon ages in the ocean [Broecker and Peng, 1982;
Sarmiento and Gruber, 2006], explained as the result of
their long-term isolation from surface processes. Surface
processes deplete nutrients via biological uptake and shuttling to depth (the biological pump), and reset radiocarbon
ages via CO2 exchange with the atmosphere. As deep waters
are transported laterally, they act as a reservoir for the nutrients raining down from above, and they “age.” The Paciﬁc
basin thus has a large inventory of both macronutrients and
micronutrients (including Zn), and a long residence time. Cu
concentrations are also a factor of 2–3 higher in the deep
Paciﬁc compared to the deep Atlantic. It is possible, therefore, that this difference in Cu concentrations is also in part
related to the “aging” of Paciﬁc deep waters, despite the success of the scavenging model in replicating dissolved Cu on
a global scale. Further work is required to unpick the relative
importance of lateral transport and reversible scavenging
in controlling the vertical distributions of dissolved Cu in
the Paciﬁc.
[38] To summarize, this study supports a dominant role
for a reversible scavenging-type process in controlling the
vertical cycling of dissolved Cu. Differences in the deep
Atlantic and deep Paciﬁc concentrations of Cu may, however, be related in part to the lateral advection of Cu in
nutrient-rich deep waters. In contrast to Cu, reversible scavenging is unsuccessful in matching the nutrient-type shape
of dissolved Zn proﬁles, with the model producing only relatively linear increases in tracer concentration with depth.
Further, particle scavenging cannot reproduce deep water
concentrations of Zn in the Paciﬁc Ocean without arbitrarily increasing the Zn input, highlighting the importance of
lateral processes to the global oceanic inventory of Zn.
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