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The isotopic composition of the rare earth element neodymium (Nd) has the potential to serve as water-mass
tracer, because it is naturally tagged by continental sources with distinct ages and lithologies. However, in
order to understand the limitations of this approach we need to know more about the physical and
biogeochemical processes controlling the distribution of Nd in the modern ocean. For example, Nd isotope
ratios behave quasi-conservatively, while concentrations in the water column generally increase with depth,
showing a broadly nutrient-like behaviour. We define this decoupling of Nd concentrations and isotopic
compositions as the “Nd paradox”. For the first time we model Nd concentrations and isotopic compositions
Keywords: simultaneously and address the hypothesis that the Nd paradox can be explained by a combination of lateral
neodymium advection and reversible scavenging. We impose a reversible-scavenging model of Nd removal from the
REE ocean on the ocean circulation fields from the MIT general circulation model using the transport matrix
MOC . . method. We conclude that reversible scavenging is an active and important component in the cycling of Nd
reversible scavenging in the ocean. In the absence of an adequate alternative explanation, reversible scavenging should be
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considered a necessary component in explaining the Nd paradox.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

1.1. The neodymium isotopic composition as a tracer for water-mass
mixing

Different water masses in the ocean are characterised by distinct Nd
isotopic compositions, the values of which are ultimately derived from
the continents and delivered to the ocean through weathering, erosion,
and particle-seawater interaction (Piepgras et al., 1979; Goldstein and
O'Nions, 1981; Frank, 2002; Tachikawa et al.,, 2003; Goldstein and
Hemming, 2003; Lacan and Jeandel, 2005). *Nd is produced by
radioactive decay of '¥’Sm, and "*>Nd/'**Nd in seawater is primarily a
function of the age and lithology of the continental sources. Because this
ratio only varies in the third or fourth digit, it is usually expressed as &ng,
the parts per 10,000 deviation of a measured **Nd/'**Nd ratio from the
“bulk Earth” value of 0.512638 (Jacobsen and Wasserburg, 1980).

In the global oceans two principal end members for dissolved Nd
isotopic compositions are recognized. North Atlantic Deep Water
(NADW) (eng=-13.5%0.5; Piepgras and Wasserburg, 1987) has low
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values reflecting the old continental crust surrounding the North
Atlantic. Deep water in the North Pacific has higher values (eyg=-2 to
—4; for recent summaries see van de Flierdt et al., 2004 and Goldstein
and Hemming, 2003) reflecting contributions from young volcanic arcs.
Intermediate Nd isotopic compositions are found in Circum-Antarctic
and Indian Ocean deep waters (Piepgras and Wasserburg, 1980, 1982;
Bertram and Elderfield, 1993). Because Nd has an ocean residence time
of ~200-2000 yr (Goldstein and O'Nions, 1981; Piepgras and Wasser-
burg 1983; Jeandel, 1993; Tachikawa et al., 1999; Tachikawa et al., 2003),
long enough to be transported within the global thermohaline
circulation system and short enough to avoid complete homogenisation,
Nd isotope ratios in seawater have been used to trace water masses in
the present and past ocean.

The potential use of Nd isotopes as a water-mass tracer is
supported by a compilation of Nd isotope seawater measurements
from the Atlantic Ocean, which appear to trace the distribution of
water masses in the basin (i.e. NADW; Antarctic Intermediate Water,
AAIW, and; Antarctic Bottom Water, AABW) (von Blanckenburg, 1999).
The co-variation of Nd isotopes with water-mass tracers such as
salinity is corroborated on a global scale (Goldstein and Hemming,
2003). These findings serve as the basis for the view that Nd isotopes
can serve as a “quasi-conservative water-mass tracer” (see recent
summaries in Frank, 2002; Goldstein and Hemming, 2003).

Recently, Piotrowski et al. (2005) reconstructed the first high-
resolution record of Nd isotopes in the authigenic fraction of marine
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sediments from the Cape Basin (SE Atlantic) for the last glacial cycle,
with the goal to reconstruct the strength of the Atlantic meridional
overturning circulation over this interval. The record was produced by
the preferential dispersal of Nd from the ferro-manganese oxide
fraction of bulk sediments by sequential leaching of discrete samples
from cores RC11-83 and TNO57-21. The authors suggest that the
variations in the record correlate with Greenland paleo-temperature,
indicating that the fraction of NADW-derived Nd reaching the
Southern Ocean increased during warm northern hemisphere inter-
glacial and interstadial intervals and was reduced during glacials and
stadial intervals (Rutberg et al., 2000; Piotrowski et al., 2004, 2005).
Arsouze et al. (2008) suggested that these variations could be
explained by changes to the &yq value of NADW instead of changes
to NADW intensity but this seems incompatible with the results of van
de Flierdt et al. (2006) who found that the &yq value of NADW was
stable over the last glacial period.

There is obvious potential of Nd isotopes as a tool for under-
standing past changes in ocean circulation. However, any application
of Nd isotopes as a circulation tracer, whether in the present or the
past ocean, suffers from considerable gaps in existing knowledge
about sources, sinks and internal cycling of Nd in seawater. Here we
aim to address some of these issues by testing the importance of
reversible scavenging for the marine Nd cycle in an ocean general
circulation model for the first time.

1.2. Sources of neodymium to the ocean and the “neodymium paradox”

Although it is established that the continents are the major source
of Nd to the ocean, the transport pathways of neodymium and how
water masses acquire their neodymium isotopic composition are still
unresolved (e.g., Frank, 2002; Goldstein and Hemming, 2003; van de
Flierdt et al., 2004; Lacan and Jeandel, 2005). It has been shown that
hydrothermal sources do not contribute to the dissolved seawater Nd
budget in any significant way due to immediate removal of
hydrothermal Nd at the vent site (e.g., Goldstein and O'Nions, 1981;
Piepgras and Wasserburg, 1985; German et al., 1990; Halliday et al.,
1992) but there is an ongoing debate on the relative importance of
riverine versus aeolian sources of Nd to the ocean. The magnitudes of
both fluxes are associated with considerable uncertainties due to
removal (and remobilization) of Nd in estuaries on the one hand, and
unknown dissolution rates of Nd from dust on the other hand
(see Frank, 2002; van de Flierdt et al., 2004 for recent summaries).
Applying literature estimates of global riverine and atmospheric
fluxes from the 1990s, however, leads to a calculated residence time of
Nd in the ocean on the order of 5000 yr (Bertram and Elderfield, 1993).
This is not considered realistic because pronounced Nd isotopic
differences are observed between water masses and large inter-basin
gradients exist (e.g., Piepgras et al., 1979; Goldstein and O'Nions,
1981). These inter-basin gradients provide strong evidence for a
residence time for Nd on the order of, or shorter than, the global
turnover time of the ocean (1000 to 1500 yr; Broecker and Peng, 1982).
These calculations indicate a missing source of Nd to the ocean,
leading some authors to term this mass balance problem the “Nd
paradox” (e.g., Bertram and Elderfield, 1993; Jeandel et al., 1995; see
also van de Flierdt et al, 2004). Here we address, instead, the
alternative definition of Goldstein and Hemming (2003), who state it
as “the decoupling of Nd concentrations and isotopic compositions in
the ocean”. Concentrations of Nd and other Rare Earth Elements in all
the major ocean basins are relatively depleted in surface waters and
enriched in deep waters, and there is an overall increase in
concentrations from the North Atlantic to the North Pacific. With
respect to these characteristics the concentrations of REEs follow a
broadly similar distribution to silicate or phosphate in the ocean
(e.g., Elderfield, 1988), and clearly are not conservative by the classical
chemical oceanography definition. Neodymium isotopic compositions
on the other hand are very distinct between the different ocean basins,

and they show a pronounced structure in the water column which
closely follows the distribution of deep-ocean water masses, giving Nd
isotopes a ‘quasi-conservative’ character. For the purpose of this work,
we will refer to the Nd paradox as the general mismatch between Nd
isotopes, which tag water masses, and Nd concentrations, which
reflect the internal cycling of Nd in the ocean.

No matter how we define the Nd paradox, whether in terms of
mass balance, or in terms of a decoupling of concentrations and
isotopes, the observational data clearly point to additional sources,
sinks, and/or processes that play an important role in the oceanic Nd
cycle. The observed distribution of Nd isotopes in seawater from the
North Pacific is an interesting case in point. The high Nd isotope ratios
found in this part of the ocean (e&ng=-2 to —-6; Piepgras and
Wasserburg, 1980; Piepgras and Jacobsen, 1988; Shimizu et al., 1994;
Amakawa et al., 2000, 2004; Vance et al., 2004) can be explained
neither by input from large rivers nor from dust, as both of these
sources exhibit more negative gyq values than those associated with
dissolved Nd in the North Pacific (see van de Flierdt et al., 2004 for a
detailed discussion). To achieve an isotopic mass balance, local
volcanic arcs must be a major source of Nd in the North Pacific,
although, the mechanisms by which the Nd is added to the ocean
remains unclear. For example, the input may involve interaction of
river particulates with seawater, input of volcanic ash, and near
bottom dissolution of deposited or resuspended sediments at the
continent/ocean interface (e.g., Albaréde and Goldstein, 1992; Elder-
field and Sholkovitz, 1987; Spivack and Wasserburg, 1988; Bertram
and Elderfield, 1993; Jeandel et al., 1995, 1998; Sholkovitz et al., 1999;
Amakawa et al., 2000, 2004; Sholkovitz and Szymczak, 2000; Lacan
and Jeandel, 2001, 2005). The importance of direct input via the flux of
volcanic ash into the ocean may be amplified by the fact that volcanic
ash is much more readily dissolved than continental material
(e.g., Taylor and McLennan, 1985). Recently it has been suggested
that submarine groundwater discharge may be a mechanism for
introducing arc-like Nd to the ocean (Johannesson and Burdige, 2007).

Taking supply of Nd from the boundaries into account, Tachikawa
et al. (2003) could calculate a residence time of 500 yr for Nd from
box-model simulations of Nd concentrations in the global ocean.
However, it has also been noted that water masses may interact with
ocean margins to change their eyq signature without additional input
of Nd from the margin (Lacan and Jeandel, 2005). Lacan and Jeandel
(2005) suggested the term “boundary exchange” to explain the
alteration of isotope ratios at the ocean margins that cannot be
accounted for by additional Nd input while acknowledging that the
direct mechanism of this exchange reaction is not yet understood.

Here we will not address the detailed issues of Nd input to the
ocean. Instead we focus on the internal cycling of Nd in the ocean. Our
working hypothesis is that the quasi-conservative behaviour of Nd
isotopes in deep waters along with increasing neodymium concen-
trations as water ages may be explained by a combination of lateral
advection and vertical cycling via reversible scavenging. Here we will
test this hypothesis for the fist time.

2. Method
2.1. Reversible scavenging

In an attempt to resolve the Nd paradox, we have applied the
reversible-scavenging model of Bacon and Anderson (1982) to Nd
isotope concentrations. Reversible scavenging is the process of isotope
adsorption onto particles with subsequent desorption due to the
release of the isotope during dissolution, particle aggregation/
disaggregation, or variation in the dissolved isotope concentration.
Note that the process of reversible scavenging relies on the physical
process of particle adsorption/desorption onto particles and should
not be confused with biological incorporation of REE. The use of a
reversible-scavenging model for investigating the internal cycling of
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Table 1
List of variables and units

Variables relating to Nd
[Nd] pmol kg™' Nd concentration
ENd - Nd isotope ratio normalised to standard

Variables relating to reversible scavenging
C pmol kg-!  Total tracer concentration
G pmol kg~ Particle-associated concentration

Ca pmol kg~!  Dissolved tracer concentrations
Wy myr! Particle settling velocity

K - Scavenging coefficient

R - Particulate concentration

S - The product of K and R

z m Depth

Variables relating to the TMM (see Khatiwala, 2007 for details)

Physical transport (advection, convection, diffusion)
Representation of reversible scavenging

t s Time

Ae - The TM for the explicit-in-time component of advection-diffusion
A - The matrix for implicit transport
Q - Sparse matrix representation of reversible scavenging

Nd in the ocean is justified by the observation that Nd concentrations
generally increase with depth (e.g. de Baar et al., 1985), a common
characteristic of isotopes that are reversibly scavenged. In the case of
Nd, concentrations increase down the water column primarily
because of the dissolution of particles with depth (see Section 2.2).

Reversible scavenging in the model can be described as follows. At
a give time step, the total Nd concentration is first transported via the
ocean model, which includes advective, convective and diffusive
transport. The total Nd concentration is then divided into particle-
associated and dissolved constituents. This separation into particle-
associated and dissolved Nd depends on the particle concentration
and type, as detailed below. The particle-associated Nd sinks at a given
rate, along with the particle it is associated with while the dissolved
Nd remains at the same depth level.

The inclusion of reversible scavenging into an ocean model (see
Section 2.4) is accomplished as follows: if we write the conservation
equation for a tracer with total concentration C as:

aC
ot =~ L) +a(0), e
where L represents the physical circulation, then the objective is to
represent (parameterize) q in terms of the simulated tracer concen-
tration. q(C) represents internal (vertical) cycling in the water column.
All variables listed in this paper are summarised in Table 1. Following
from Henderson et al. (1999), Marchal et al. (2000) and Siddall et al.
(2005, 2007) this formulation only considers particle concentrations it
does not take into account particle size distributions.

To simulate reversible scavenging we use an equilibrium-scaven-
ging coefficient to describe the relationship between adsorbed and
desorbed isotopes. That is, each isotope is assumed to be in equilibrium
with falling particles. Such equilibrium-scavenging coefficients have
often been used to describe the relationship between adsorbed and
desorbed 23'Pa and 23°Th (Henderson et al., 1999; Chase et al., 2002;
Siddall et al., 2005, 2007, 2008). The dimensionless equilibrium-
scavenging coefficient, K, is defined as the ratio between dissolved, Cg,
and particle-associated, Cp,, concentrations of a given isotope:

G
K= R 2)
where R is the dimensionless ratio of the particle mass per cubic
meter to the density of the fluid. For the purpose of this study we will
denote Nd concentrations as [Nd] in units of pmol kg™'. We will
assume that no isotopic fractionation occurs during adsorption/
desorption, i.e., K values are the same for >Nd and #Nd. This is

justified in this case because *>Nd and '**Nd are isotopes of a similar,
heavy mass and, most importantly, are isotopes of the same element
(unlike 23'Pa and 2°Th). For scavenging by falling particles, we can
write the source term as:

ai0) - 25) ¢ sys41)c )
where, ws is the particle settling velocity and S is the product of K and
R (i.e. KR).

Different particle types are known to have different K values for
231pa and 23°Th (see for example Chase et al., 2002). K values are likely
to be specific to different particle types for other elements, such as Nd.
This effect is included in Eq. (3) by substituting S to allow for

differences in particle type. S is defined as:
S = KpocRroc + Kcaco, Reaco, + KaustRaust + KopalRopal (4)

after Siddall et al. (2005).

2.2. A note on reversible scavenging of Nd with emphasis on the effect of
particle dissolution

Reversible scavenging has been invoked to model the behaviour of
231p3 and 2°°Th in the ocean. However, these isotopes have a
fundamentally different input mechanism compared to #3Nd and
144Nd. 23'Pa and 23°Th are input to the ocean via decay from a
homogeneously distributed parent isotope. This means that the input
of 22'Pa and 23°Th in the ocean are evenly distributed at all points in the
ocean and this input must be balanced by removal to satisfy conservation.
Removing 3'Pa and 23°Th from the ocean therefore requires that the
isotopes which are input at all points in the ocean are integrated with
respect to depth via the process of reversible scavenging. In contrast, the
input of Nd isotopes to seawater is predominantly of continental origin
and occurs largely at the surface of the ocean. Away from continental
sources (including dust input to the surface ocean) there are no
additional sources of Nd besides lateral and vertical transport (unlike
231pa and 23°Th). Because Nd input to the ocean occurs largely at the
surface, conservation requires that the removal of Nd in the ocean (i.e. the
downward flux of Nd via reversible scavenging) is equal to the flux of Nd
into the surface. Unlike the case of ?*'Pa and 23°Th, the vertical
integration of Nd sources at depth is not required because such sources
do not exist. Because the vertical Nd flux due to reversible scavenging
depends on the particle-associated [Nd] (C,), the implication is that C,
must be uniform with respect to depth. Note that this outcome assumes
that the settling velocity is uniform with respect to depth. This is an
assumption of our model but is not necessarily the case in the ocean itself.

Given this implication, we briefly investigate the effect of
reversible scavenging on Nd distributions in the ocean. Rearranging
Eq. (2) gives us:

G G
G = S KR (5)

Because the particle concentration, R, reduces with depth and K
and C, remain constant Cq must increase with depth. This implies that
[Nd] in the water column is sensitive to the specific nature of particle
dissolution profiles in different regions of the ocean. The dissolution
profiles imposed here are derived from independent studies of marine
and surface sediment dissolution (see e.g. Henderson et al., 1999) and
so we keep them fixed. We vary the scavenging coefficients (K values
in Egs. (4) and (5)) for different particle types. In regions where
dissolution is more significant there will be a greater increase in Cy
with respect to depth. In regions where dissolution is less significant
Cq will tend to be more uniform with respect to depth (e.g. in the deep
Pacific, below the Gobi dust plume because dust is not highly soluble).

If scavenging was not reversible, i.e. if dissolution did not release Nd
adsorbed onto particles into the water column, then the profiles of [Nd] in
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the ocean would not increase with depth and [Nd] would tend to be
uniform with respect to depth. This condition would be required to con-
serve Nd in the ocean as non-reversible scavenging transported Nd down
the water column. In areas of more vigorous horizontal transport (i.e. in
the Atlantic), transport of Nd within water-mass trajectories would mean
that [Nd] would track water masses. This is indeed the case in the model
simulations we have carried out. These simulations are not shown in the
paper because there is little gained from showing results with no variation
in the vertical axis besides the overprint of transport along water-
mass trajectories in the North Atlantic. In the case of eyg such simulations
are effectively the same as those described by Jones et al. (2008).

2.3. Particle fields

Following Siddall et al. (2005, 2007, 2008), biogenic particle fields
are prescribed using satellite-derived export productivity fields and
appropriate dissolution profiles for three particle types: biogenic opal;
CaCO;5; and; particulate organic carbon (POC) (Behrenfield and
Falkowski, 1997; Laws et al., 2000; Maier-Reimer, 1993). The surface
dust input field is taken from the Global Ozone Chemistry Aerosol
Radiation and Transport (GOCART) model simulations (Ginoux et al.,
2001). Each particle type dissolves differentially with respect to depth
and temperature and so each is discussed separately. Fig. 1A-D shows

the particle fluxes from the surface used in the model simulations as
well as the fluxes at 2000 m depth.

Particle dissolution in the model is similar to that discussed in detail by
Henderson et al. (1999), Marchal et al. (2000) and Siddall et al. (2005). As
discussed by Henderson et al. (1999), these dissolution profiles were
derived by comparison to existing sediment trap data for particle
concentrations and have been tested in many ocean models. We briefly
summarise these below: dissolution of CaCO5; and opal with respect to
depth are described by an exponential penetration profile (after
Henderson et al., 1999) and dissolution of POC with respect to depth is
described by a power law. Dust is assumed to not dissolve significantly
with respect to depth. We assume that the dissolution of trace metals
associated with surface dust input does not significantly affect the total
dust concentration. Similar to previous work (Henderson et al,, 1999;
Marchal et al,, 2000; Siddall et al., 2005, 2007), particles are subject to a
uniform settling rate of 1000 m yr~! across all particle types — no
distinction in settling rate is made for particles of different size classes.
Given that the residence time of Nd in the ocean is hundreds of years we
apply an annual mean settling rate, which does not allow for rapid ‘marine
snow’ events but captures the mean particle flux to the sediment.
Distributions of scavenged trace elements in the equilibrium-scavenging
model have no sensitivity to changes in settling rate because of the nature
of the formulation of this model (see Siddall et al., 2005; 2008).
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Fig. 1. The total flux of particles from the ocean surface and at 2000 m depth imposed on the model in g m™2 yr! for each of the four particle types. Following Siddall et al. (2005),
biogenic particle fields are prescribed using satellite-derived export productivity fields for three particle types: biogenic opal; CaCOs and; particulate organic carbon (POC)
(Behrenfield and Falkowski, 1997; Laws et al., 2000; Maier-Reimer, 1993). The surface dust input field is taken from the Global Ozone Chemistry Aerosol Radiation and Transport

(GOCART) model simulations (Ginoux et al., 2001).
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Opal dissolution in surface sediment provides 79-94% of the silicic
acid input to the ocean (Treguer et al., 1995; Ridgwell et al., 2002). The
global mean dissolution rate of CaCOs in surface sediment is of the
order of 70-80% (Archer 1996; Ridgwell and Hargreaves, 2007). In
order to capture these effects in our model we follow the dissolution
profiles described in the paragraph above but then impose a
dissolution of 85% for opal, 75% for CaCO3 and 95% for POC in the
model boxes which juxtapose the sea floor. The effect of allowing sea-
floor dissolution on the model results will be explored in Section 3.4.2.

2.4. Transport matrix model

To compute steady state solutions of the tracer equation (Eq. (1))
with a prescribed surface boundary condition, we use an “offline” ocean
circulation model based on the “transport matrix method” (TMM) of
Khatiwala et al., 2005 (see also Khatiwala, 2007). The TMM is a
computational framework for efficiently simulating passive tracers in
the ocean. The essential idea is that the discrete tracer transport operator
of an ocean general circulation model (GCM) can be written as a sparse
matrix, which may be efficiently constructed by “probing” the GCM with
idealized basis functions. In essence this approach generates a high-
resolution, dynamically consistent box model of tracer transport in the
ocean. This empirical approach ensures that the circulation embedded in
the transport matrix (TM) accurately represents the complex 3-
dimensional advective-diffusive transport (including all sub-grid scale
parameterizations) of the underlying GCM. Once the matrix has been
derived, the GCM can be dispensed with and simulating a tracer is
reduced to a sequence of simple matrix—vector products. Specifically, in
the TM formulation, the discrete version of Eq. (1) becomes:

™! = AjlAec + q(c)]. (6)

Here, c is a vector of tracer concentrations at the grid points of the
underlying GCM, i.e., a vector representation of a discretized 3-
dimensional tracer field; n is the time step index; A. the TM for the
explicit-in-time component of advection-diffusion; and A; the matrix
for implicit transport (see Khatiwala, 2007 for details).

One of the key advantages of using the TMM is that it allows us to
directly compute steady state solutions of the tracer equations without
the need for lengthy transient integrations, as would be required with a
GCM or a conventional offline tracer model. Specifically, given surface
boundary conditions and (optionally) interior source/sink terms, the
steady state tracer distribution satisfies a linear system of equations
that can be readily solved using software such as MATLAB. To apply the
TMM to the present problem, we note that the reversible-scavenging
term q(C) (Eq. (3))is linear in C, and can (in discrete form) be written as
Q., where Q is a sparse matrix. The steady state solution to Eq. (5) with
a prescribed surface boundary condition (see Section 2.5) can then be
obtained by splitting A., A;, and Q into “interior” and “boundary”
matrices, by extracting the rows and columns corresponding to
interior and boundary points, respectively:

= [A{ (A’e + QI)_I} B [Af (Be + QB) + Bi}CB. 7)

The superscripts I and B refers to “interior” and “boundary”,
respectively. Thus, ¢’ is the desired vector of interior tracer concentra-
tions in steady state, and c? the vector of prescribed surface boundary
values. Using Eq. (7), we can rapidly compute the equilibrium
distribution of Nd isotopes for different boundary conditions and
scavenging coefficients (embedded in Q).

The TM used in this study was derived from a seasonally forced,
global configuration of the MIT ocean model, a state-of-the-art primitive
equation model (Marshall et al., 1997). The MIT GCM features a variety of
parameterizations to represent unresolved processes, including iso-
pycnal thickness diffusion (Gent and McWilliams, 1990) to represent the
effect of mesoscale eddies. The configuration used here has a horizontal
resolution of 2.8° and 15 vertical levels, and is forced with monthly mean

climatological fluxes of momentum (Trenberth et al., 1989) and heat
(Jiang et al., 1999). In addition, surface temperature and salinity are
weakly restored to the Levitus climatology (Levitus, 1998). To compute
steady state solutions of the tracer equations with the TMM, the GCM
was first integrated for 5000 yr to equilibrium, following which an
annual mean transport matrix was derived.

This version of the model has previously been used as MIT's
contribution to the Ocean Carbon Model Inter-comparison Project Phase
2 (OCMIP-2), and further details, including an extensive discussion of its
ability to reproduce observed CFC and radiocarbon distributions, can be
found in Dutay et al. (2002) and Matsumoto et al. (2004). Briefly, the model
tends to be more rapidly ventilated in both the North Pacific and subpolar
North Atlantic, compared with observations, while it has relatively weak
bottom water ventilation around Antarctica. These deficiencies in the
model circulation are a common problem for coarse resolution GCMs.

2.5. The Nd surface boundary condition

The issue of Nd input to the ocean has been discussed extensively in
the literature (see Section 1). In terms of modelling several approaches
have been used — explicit sources estimated from observational studies
have been used in box models for both [Nd] and enq (Tachikawa et al.,
2003; Lacan and Jeandel 2005; Arsouze et al., 2007). In addition Lacan
and Jeandel (2005) and Arsouze et al. (2007) prescribed eyq terms at the
ocean margins to which they applied a ‘boundary exchange’ model,
which may be compared to a restoring condition on oceanic &yq values
imposed at the ocean margin with a certain restoring time scale. We
focus on internal cycling of Nd in the open ocean, rather than on the
sources of Nd at the ocean margins or the exchange of *>Nd and **Nd
with the boundaries. Therefore, we choose to impose fixed surface
boundary conditions on Nd isotope concentrations in our ocean model
(c® in Eq. (7)). It should be noted that our prescribed surface boundary
condition is consistent with the available data and therefore represents
to some extent all the complex and still unresolved processes that input
Nd to the ocean without dealing with them explicitly.

Recently Jones et al. (in press) used an interpolation of observed
surface &yg values in order to generate a fixed surface boundary
condition for use in their model. They use the relatively scarce surface
&na data in the surface model layer in conjunction with interpolation
schemes in an attempt to account for all the isotope variation in the
surface ocean. We also prescribe a fixed surface boundary condition but
in addition to eygq data we also need observations of Nd concentration
(INd]). Observations used throughout this paper are of dissolved [Nd].
Ideally for this study observations of dissolved [Nd] would be at the
same sites as gyg observations but unfortunately this is seldom the case
and sites where both &yg and dissolved [Nd] observations are both
present are rare in the upper 200 m of the water column. To circumvent
this problem, we define surface boxes and take mean &yq and dissolved
[Nd] observations from within them. We then use these mean values to
calculate "*Nd and **Nd surface concentrations in the boxes.

The sparse data for surface dissolved [Nd] combined with uncer-
tainty concerning the input of Nd to the ocean leads to a large number of
possible variations in the way we define the surface boxes. We have
chosen to use a small number of boxes, each with a large number of
observations to constrain the [Nd] and &yq that are then used in the
resulting surface boundary condition for each box (Fig. 2A,B). Although
we have adopted this approach to maximise the number of surface
observations in each box there are several large regions with poor data
coverage where only a small number of observations in the upper 200 m
of the water column constrain the surface values. This is an issue that can
only be addressed by additional observational work in the future. We
should note that our approach differs from that of Jones et al. (in press),
who also apply the TMM to model Nd isotopes in the ocean. Similar to
Arsouze et al. (2007), they treat &yg as a conservative tracer with a
prescribed surface distribution. In contrast, we separately model the
individual isotope concentrations.
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also Jones et al. (in press) for references. Additional [Nd] observations are from Greaves et al. (1999), Elderfield and Greaves (1982), Piepgras and Jacobsen (1992), Bertram and
Elderfield (1993), Shimizu et al. (1994) and German et al. (1995). The values used in each box are the based on the means of all data from the upper 200 m of the water column.
Observations with concentrations greater than 25 pmol kg™! in the high-latitude North Atlantic (above 50°N) are considered to result from being very close to the source and not
representative of open-ocean values. Therefore these values are ignored. Similarly high [Nd] values in the North-west Pacific are ignored. Values that appear to occur over land are
from marginal seas and are not used to derive the surface boundary condition but are simply included here for completeness. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Because of the relatively long residence time of Nd in the ocean
compared to the mixing time of ocean gyres, the supply of Nd which is
imposed at the surface becomes well mixed across ocean gyres below
the top hundred meters in most of the ocean. This apparent mixing in
the upper water column means that taking the average values from
the surface in each of the ocean gyres gives an adequate representa-
tion of Nd transfer from the upper to the deep ocean for the purpose of
this study. For much of the ocean there is little sensitivity to exactly
what we prescribe at the surface except on spatial scales on the order
of, or larger than, ocean gyres. One exception to this statement is the
prescribed boundary condition in the high-latitude North Atlantic in
the regions of NADW formation and this is discussed below.

Several authors have noted the sensitivity of the global Nd
distribution to input in the N. Atlantic (Frank, 2002; Tachikawa
et al,, 2003; Lacan and Jeandel, 2005; Arsouze et al., 2007) and the
mixing processes between end members from the Norwegian Sea and
Labrador Sea. Mixing of Labrador Sea and Norwegian Sea water
masses and the precise location of high-latitude convection are poorly
understood in general and poorly represented in coarse resolution
GCMs. This general limitation of many contemporary ocean models
should be kept in mind when interpreting the results presented here.
This issue is confounded by the effects of boundary exchange, which
are not explicitly considered in our model, but are believed to affect
the &nq in the high-latitude North Atlantic (Lacan and Jeandel, 2005;
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Arsouze et al., 2007). In order to avoid this problem we ignore
observations close to boundaries in this region (i.e. within several
hundred kilometers from the coast) and instead focus only on
observations away from the margins. The mean of these values yields
[Nd] and enq values that are representative of those of NADW. Using
this data filter the eyg and [Nd] values in NADW are successfully
simulated which lend support to this approach.

The goal of this study is to investigate the extent to which reversible
scavenging can explain the Nd paradox, rather than to explain all of the
unknowns regarding the sources of Nd to the ocean. Therefore,
although the surface boundary condition might not be strictly correct,
we consider this simplification adequate for this application.

2.6. Model tuning and sensitivity

2.6.1. Tuning the model scavenging parameters

To tune the model for the effects of reversible scavenging on the Nd
system, we consider the effect of varying the equilibrium-scavenging
coefficients, K values, on the distribution of [Nd] and &yq in the ocean,
the residence time of Nd in the ocean and on a simple cost function ()
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which defines the root-mean squared deviation of the data from the
model (TMMRS):
0; = \/ X (data;-TMMRS)®. (8)
data represents the dataset of dissolved [Nd] or &ng, as denoted by the
subscript i. Because reversible scavenging operates primarily on [Nd]
and generates &vg as a bi-product, we focus on Ojng) and use any
comparison with &yq as an independent validation of the method. The
dataset used throughout this paper is from seawater analyses of Nd
isotopes based on Lacan and Jeandel (2005), with additional
compilation by Francois Lacan, and Tina van de Flierdt: http://www.
legos.obs-mip.fr/fr/equipes/geomar/results/database_may06.xls; see
also Jones et al. (in press) for references. Additional dissolved [Nd]
observations are from Greaves et al. (1999), Elderfield and Greaves
(1982), Piepgras and Jacobsen (1992), Bertram and Elderfield (1993),
Shimizu et al. (1994) and German et al. (1995).

In order to estimate Kpoc, Kcaco, Kaust and Kopa, we use the
function ‘lsqcurvefit’ in the MATLAB optimisation toolbox. This
function uses a least-squares approach to minimise Ojngj in Eq. (8)
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Fig. 3. Sensitivity of the model to varying K. for the control simulation, where scavenging coefficients were optimised for each particle type to fit the dissolved [Nd] (i.e. minimising Ojnq)). The
panels display the sensitivity of residence time to K¢ (panel A), the sensitivity of the cost functions to varying K;.¢(panel B), and the sensitivity of the cost functions to the corresponding residence
time. Panels A and B have dual y-axes with display o and Ojngj, as indicated on axis labels. It is significant that 0, and Ojng; are both optimised for the same Ki.r value and residence time.
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by selecting optimal values for Kpoc, Kcaco,» Kaust and Kopar. Optimum
values are found for: Kpoc=0.0%10%; Kcaco,=2.1%10%; Kquse=28.9%10°
and; Kopal=6.0><105. We define the simulation using these values as
the control. The variation of K of one order of magnitude for different
particle types is similar to the variation of K values for 2>'Pa and 2*°Th
(Chase et al., 2002). The optimum solution implies that there is
effectively no scavenging of Nd by POC. This result can only be
considered tentative in this exploratory study because the dissolution
profiles of CaCO5 and POC are relatively similar (i.e. compared to the
dissolution profiles of opal and dust) and it is quite possible that the
model optimum fit is biased towards attributing scavenging to CaCOs,
which is more correctly attributable to POC. Furthermore the precise
quantification of the scavenging coefficients presented here is
dependent on the surface boundary condition and dissolution profiles
imposed on the model. The optimal solution indicates that Kgys is an
order of magnitude greater than the other K values. This contrasts
with the scavenging of 2>'Pa and 23°Th by dust, which is much lower
than scavenging by other particle types (Siddall et al., 2005). Therefore
the finding that Kg,s for Nd is relatively high is somewhat surprising.
Scavenging coefficients vary greatly between different elements and
this may explain why the optimal Ky, for Nd is relatively high.
Alternatively the explanation could be due to uncertainties in the dust
fluxes imposed on the model, which can be large (Ginoux et al., 2001).
It should be kept in mind that the goal of this paper is an exploratory
study into the impact of reversible scavenging on the Nd cycle in the
ocean, rather than a fully quantitative study.

The results in the paragraph above suggest that there is a strong
dependence of particle type on the scavenging of Nd in the ocean. We
are not aware of independent, observational constraints on the
scavenging coefficients of different particle types but emphasise that
such constraints are greatly needed. In the absence of better
constraints on surface dissolved [Nd] the scavenging coefficients
presented in this paper can only be regarded as tentative.

2.6.2. Sensitivity of ocean residence time to K

In order to consider the sensitivity of the residence time of Nd in the
model to variations scavenging intensity we define a reference K value,
Krer=1x10°, so that Kpoc=0%Kref, Kcaco,=2.1%Krerr Kaust=28.9% Krer
and Kopa1=6.0% K. for the control simulation. Fig. 3A shows the effect
on the ocean residence time of varying Ker.

Reducing K:.f reduces the rate at which Nd is removed to the ocean
sediments and increases the ocean residence time, which in turn
enhances the effects of horizontal transport via ocean transport
processes. Increasing K.r has the opposite effect. Increasing Ker
increases the rate at which Nd is transported down the water column.
This reduces the effects of lateral transport and vertical transport via
reversible scavenging dominates.

We define the residence time as the time taken to totally remove
Nd from the ocean, so that Nd release during opal dissolution from the
sea floor is accounted for. Very similar optimum K.r and residence
times are found for both Ojng) and o of ~500 yr (Fig. 3B,C). Because
both Ojngj and o are minimised for this same residence time we are
confident that this value is reasonable. Note that Tachikawa et al.
(2003) also estimated a residence time of 500 yr for Nd in the ocean.

The K.r used here is 1x10°, in comparison K value of approxi-
mately 1x107 (estimated for 23°Th) leads to a residence time of 10-
30 yr, and a K value of approximately 1x10° (estimated for 23'Pa)
leads to a residence time of 100 yr (see e.g. Marchal et al., 2000).

3. Results
3.1. Comparison of model results with the global dataset
In order to compare our model results with observations we plot

our model results for both dissolved [Nd] and &nq against observations
for the case where scavenging coefficients were optimised for each

particle type (tuned to minimise Oyg, Fig. 4A,B). The data from different
ocean basins are represented by different colors and symbols.

It is clear that the model captures the broad-scale (inter-basin,
inter-gyre) variability in the global ocean. This is the case for both
dissolved [Nd] and &ng. The fit between model and observations is
reasonable (i.e. most of the data falls within 1 gyq unit) throughout the
ocean for dissolved [Nd] but the Atlantic comparisons are better than
the Pacific for eng. The offsets between model and observations for eng
in the Pacific are due to the simplified surface boundary condition used
in the model, which does not represent specific features such as the
very positive eyq values observed in the proximity of Hawaii and other
highly radiogenic sources of Nd (see Jones et al., in press for further
discussion). Nevertheless, 72% of the Pacific and 90% of the Atlantic
model-data comparisons fall within 1 &yq of the observed values.

We emphasise that the model is tuned to optimise the fit to
dissolved [Nd] (i.e. by minimising Ojngj). The fact that the model
represents &yg reasonably well is an independent check on our
approach. This should be borne in mind as one considers the detailed
comparisons of model simulation and observations below.
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Fig. 4. Direct comparison of model and data for &yq (A) and dissolved [Nd] (B) in
different ocean basins (see key on plot) at all depth levels for the case where scavenging
coefficients were optimised for each particle type. Data shown are published seawater
analyses of Nd isotopes based on Lacan and Jeandel (2005), with additional compilation
by Francois Lacan, and Tina van de Flierdt: http://www.legos.obs-mip.fr/fr/equipes/
geomar/results/database_may06.xls; see also Jones et al. (in press) for references.
Additional [Nd] observations are from Greaves et al. (1999), Elderfield and Greaves
(1982), Piepgras and Jacobsen (1992), Bertram and Elderfield (1993), Shimizu et al.
(1994) and German et al. (1995). Atlantic data do not include observations from the
high-latitude North Atlantic (>50°N), where boundary scavenging may play a dominant
role. The offset in the Pacific in eng is due to the simplified surface boundary condition
used in the model, which does not capture specific features such as the very positive exq
values observed in the proximity of Hawaii and other highly radiogenic sources of Nd.
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3.2. [Nd] and &g at the sea floor

We now consider [Nd] and &nq at the sea floor (i.e. the deepest
model box for each horizontal grid square, Fig. 5A,B). In agreement
with observations, more positive &yq values dominate the deep Pacific
and more negative values dominate the deep Atlantic (Fig. 5A). The
Indian and Southern Oceans display intermediate values. Note that
&ng Values from manganese crusts are included to help characterise
the large-scale, inter-basin differences in a qualitative sense. Values
for eng from manganese crusts are not reliable in an absolute sense

because manganese crusts accumulate very slowly so that their eyg
values integrate long term, glacial to interglacial variability.

Nd tends to accumulate in the deep, North Pacific, as can be observed
by the high dissolved [Nd] there. Dissolved [Nd] is lowest in the Atlantic
while the Indian and Southern Ocean have intermediate dissolved [Nd].
The accumulation of Nd in the deep Pacific is in agreement with the
observation that dissolved [Nd] co-varies with dissolved nutrient
concentrations (see, for example, Goldstein and Hemming, 2003).

The inter-basin patterns in both &yq values and dissolved [Nd] are
in good agreement with observations.
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Fig. 5. eng (A) and the dissolved [Nd] (B) in the deepest box of the model at each grid point for the control simulation, where scavenging coefficients were optimised for each particle
type. The thickness of the model grid increases from 50 m at the surface to 690 m at the deepest box. Observations for the deepest 1000 m of the water column are shown as colored
circles (water-column data are published seawater analyses of Nd isotopes based on Lacan and Jeandel, 2005, with additional compilation by Francois Lacan, and Tina van de Flierdt:
http://www.legos.obs-mip.fr/fr/equipes/geomar/results/database_may06.xls; see also Jones et al., in press for references. Additional [Nd] observations are from Greaves et al., 1999,
Elderfield and Greaves, 1982, Piepgras and Jacobsen, 1992, Bertram and Elderfield, 1993, Shimizu et al., 1994 and German et al., 1995). Observations of &xq ONn manganese crusts are
shown as colored squares in A and are from the database of Frank (2002). The manganese nodule data represent the integration of long periods of time (potentially several glacial
cycles) and are included only as an indication of the large-scale, inter-basin variability. Observations that appear to occur over land are from marginal seas and are not in this work.
They are simply included here for completeness. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.3. [Nd] and &nq along basin transects

We now compare an Atlantic transect along 336°E and a Western
Pacific transect along 184°E as well as profiles of dissolved [Nd] and
&ng in comparison with observational data (Figs. 6A-D and 7A-D). The
red lines in each of the depth profiles mark the model output for the
control simulation introduced in Section 2.6.1 and are compared with
observed water-column profiles in the following subsections.

3.3.1. The Atlantic

First we compare &yq for the optimised simulation in the Atlantic
Ocean with observational data from the same ocean basin (Fig. 6A).
The general comparison is good — modelled eyq trace water masses, in
agreement with observations. The consideration of specific water-
column profiles of &yq allows a more detailed comparison of model
and data (Fig. 6B). The model simulates the observed variability in
each water-column profile well — the observed variation along each
profile is simulated by the model and the simulation is typically
within 1 &yq unit of the observations.

We now compare dissolved [Nd] for the optimised simulation in
the Atlantic Ocean with observational data (Fig. 6C). Again, the general
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comparison is good — modelled dissolved [Nd] increases with depth,
in agreement with observations. Specific water-column profiles of
dissolved [Nd] are shown in Fig. 6D. The model simulates the observed
variability in each water-column profile well, particularly in the South
Atlantic, where dissolved [Nd] increases steadily with depth (in
quantitative agreement with observed values) but eyg shows the
details of local water-mass distributions.

In the North Atlantic, the model output represents the interaction of
multiple processes: reversible scavenging; input of Nd from the Saharan
dust plume at around 5 to 25°N (Tachikawa et al., 1999; Bayon et al.,
2004); vigorous water-mass transport; and scavenging by Saharan dust.
Moving from top to bottom of the [Nd] water-column profiles in the
North Atlantic below the Saharan dust plume (second and third profiles
from the right in Fig. 6D), one can identify several key features:

1. The Nd input from the Saharan dust plume is quickly released to the
dissolved phase in the upper water column (Tachikawa et al., 1999;
Bayon et al., 2004) so that dissolved [Nd] peaks at the surface.

2. This Nd is mixed laterally across the North Atlantic gyre. Below the
surface, dissolved [Nd] reduces towards values that represent [Nd]
within subsurface water masses.
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Fig. 6. Atlantic transects for the control simulation along 336°E and Atlantic profiles. A and B show &yq. C and D show dissolved [Nd]. Water-column data are shown as colored circles
on transects (A and C) and as black dots on the vertical profiles (C and D). Water-column data are published seawater analyses of Nd isotopes based on Lacan and Jeandel (2005), with
additional compilation by Francois Lacan, and Tina van de Flierdt: http://www.legos.obs-mip.fr/fr/equipes/geomar/results/database_may06.xls; see also Jones et al. (in press) for
references. Additional [Nd] observations are from Elderfield and Greaves (1982); and; German et al. (1995). The latitude of each of the profiles (C and D) is shown by the black
triangles at 5500 m on the transects (A and C) in left to right order. Again in left to right order the references for each of the profiles is: Piepgras and Wasserburg (1982, 1987) (1st, 5th
and 6th); Jeandel (1993) (2nd, 3rd and 4th). The lines on the profiles (C and D) are as follows: red lines represent the best fit run (K.r=1x10°); grey lines represent K.r=0.5% 10 and
black lines represent Kyer=1.5x10. Little difference is observed in the profiles of eyq for different values of Ki.r. Black lines in C and D have larger deep dissolved [Nd] values for
increased Kief (i.e. Kie=1.5x10°) and grey lines have reduced deep dissolved [Nd] for decreased Kief (i.e. Kie=0.5%10°). The blue line in the leftmost profile of D represents the
simulation where no sea-floor dissolution was permitted. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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references. Additional [Nd] observations are from Greaves et al. (1999) and Shimizu et al. (1994). The latitude of each of the profiles (C and D) is shown by the black triangles at 5500 m
on the transects (A and C) in left to right order. The data for each of the profiles is from Piepgras and Jacobsen (1992). The lines on the profiles (C and D) are as follows: red lines
represent the best fit run (K.r=1x10°); grey lines represent K,.r=0.5x10° and black lines represent Kr=1.5x10°, Little difference is observed in the profiles of g4 for different values
of Keer. Black lines in C and D have larger deep dissolved [Nd] values for increased Kier (i.e. Kier=1.5%10%) and grey lines have reduced deep dissolved [Nd] for decreased Kief
(i.e. Krey=0.5%10°). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Scavenging by dust works to homogenise the dissolved [Nd] profiles
beneath the Saharan dust plume (i.e. reduce the increase in dissolved
[Nd] with depth). This is because dust does not significantly dissolve
with respect to depth and therefore does not release Nd at depth (see
Section 2.2 for a discussion of this effect).

These processes are each captured by the model and explain the
observed patterns in dissolved [Nd] in the North Atlantic.

Below the dust plume, modelled eyg shows a generally good
comparison with data (second and third profiles from the right in
Fig. 6B). However, at 10°N, between 500 and 1000 m water depths
(third profile from the right in Fig. 6B) the model gives higher enq
values than observed. This implies that Nd transport via NADW in the
model may be weaker than reality.

In the northernmost profile shown in Fig. 6 (Fig. 6B and D, rightmost
profile) eyg observations show reduced values at the surface, which
increase with depth. Observed dissolved [Nd] is lowest in the middle of
the water column and peaks close to the sea floor and at the surface. We
attribute this complicated pattern to the detailed nature of deep-water
formation and boundary exchange/input in this region (Lacan and
Jeandel, 2005; Arsouze et al., 2007). Our model is not configured to
capture this complexity and so the model output shows the impact of
vigorous vertical convection on both gyg and dissolved [Nd] — both are
close to uniform in the vertical axis in the control simulation.

3.3.2. The Pacific

If we compare gyg for the control simulation in the Pacific Ocean
with data (Fig. 7A), the general comparison of model data and
observational data is good. At depth, modelled &g is lower in the
South Pacific compared to the north, in agreement with observations.
Specific water-column profiles of enq are shown in Fig. 7B, allowing a
more detailed comparison of model and data. The model simulates the
observed variability in each water-column profile well — the observed
variation along each profile is simulated by the model and the
simulation is typically within 1 &yq unit of the observations.

Next we compare dissolved [Nd] for the optimised simulation in
the Atlantic with data (Fig. 7C). The general comparison is good —
modelled dissolved [Nd] generally increases with depth, in agreement
with observations. Specific water-column profiles of dissolved [Nd]
are shown in Fig. 7D. The model simulates the observed variability in
each water-column profile well — the simulated increase in dissolved
[Nd] with depth agrees quantitatively with observed values.

The middle profile of the three dissolved [Nd] profiles in the Pacific
in Fig. 7D does not show an increase with depth in a simple, linear
fashion like the profiles of dissolved [Nd] in the South Pacific or South
Atlantic (Fig. 6D). Instead both model and observation profiles show
large increases in [Nd] in the upper several thousand meters of the
water column. Because this pattern is similar for both the model and
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the observations, the model may give some insight into why this
might be the case. The model suggests that this is because particulate
CaCOs concentrations are relatively high at the surface but low at
depth, where dust concentrations are relatively high. This means that
CaCO3; dominates reversible scavenging in the upper several thousand
meters and dissolved [Nd] increases with depth due to the dissolution
of CaCOs. Below the upper several thousand meters most of the CaCO3
has been dissolved and scavenging by dust from the Gobi dust plume
dominates. Because dust does not substantially dissolve with respect
to depth the increase of dissolved [Nd] with depth is reduced in the
lower water column in the proximity of the Gobi dust plume in the
Pacific (see Section 2.2 for a discussion of this effect).

In both the Atlantic and the Pacific, the profiles of dissolved [Nd]
closely follow the form predicted by the release of adsorbed Nd at
depth due to reversible scavenging (Figs. 6D and 7D). We note that the
downward transport of eng Signatures is more important in the Pacific,
where lateral transport via water masses is reduced, compared to the
Atlantic. Jones et al. (in press) found that an additional source of Nd
with high &yq in the deep Pacific is required to explain the observed
distribution of eyg. We tentatively suggest that high enq in the deep
North Pacific could be partly explained by a high &yg input at the
surface (e.g. at the volcanic arcs), which is scavenged to the sea floor
by either the high dust and/or the high opal flux in the region. This
concept is further supported by the relatively high scavenging
coefficients found for dust and opal. This suggestion is tentative
because we are cautious not to over interpret results that may be
model dependent, in particular with respect to the simplified surface
boundary condition we apply.

In Fig. 6B the southernmost of the three profiles for eyq (Fig. 6B
leftmost profile) shows lower values at depth than at the surface but the
detail of the comparison is relatively poor and the modelled values are in
general too high. The dissolved [Nd] model output for the same profile
shows a good comparison with data. It is quite possible that this offset is
due to additional input of highly radiogenic Nd from the New Zealand
margin. Indeed this region is poorly constrained by the existing dissolved
[Nd] and &ngq data. Alternatively the offset could be due to inadequacies in
the tracer transport field or additional scavenging by POC. POC flux is high
in this region and simulations we have carried out with increase
scavenging by POC do indeed help improve the model-data comparison.
We do not include these simulations here in order to be concise.

3.4. Further sensitivity tests

3.4.1. Sensitivity of Nd profiles to Kyes

The effect of doubling and halving K¢ on individual water-column
profiles of dissolved [Nd] is shown in Figs. 6D and 7D by the black and
grey lines respectively. Increasing K leads to increased dissolved [Nd]
at depth. This sensitivity results from the use of fixed surface
boundary conditions because increasing Kir increases the flux of
[Nd] away from the surface with the effect of increasing the dissolved
[Nd] input to the surface ocean. This change in deep dissolved [Nd] is
less strong in the North Atlantic (Fig. 6D), where transport of Nd along
water-mass trajectories is most vigorous and affects deep dissolved
[Nd]. In the North Pacific (Fig. 7D) the sensitivity of deep dissolved
[Nd] to changes in K¢ is less pronounced because the scavenging of
Nd by opal and dust does not lead to an increase in dissolved [Nd] with
depth (see discussion in Section 2.2).

Increasing Ki.f increases the rate at which Nd is moved down the
water column. This emphasises the vertical transport of Nd via
reversible scavenging compared to the lateral transport of Nd within
water masses. The increased emphasis on vertical transport tends to
make the transects of &yg more uniform with respect to depth (i.e.
reduces the range of eygq in the profile) whereas decreasing Kier
increases the heterogeneity of eyg in the vertical axis enhancing the
signal of large-scale transport by ocean water masses (Figs. 6B and 7B).
This effect is barely noticeable in the Atlantic (Fig. 6B) where the

transport within water masses is vigorous and lateral transport
dominates even for doubling and halving K., but it is a significant
effect in the deep Pacific where deep eng values are sensitive to
changes in Ki.r (Fig. 7B).

3.4.2. Sensitivity to sea-floor dissolution

In order to consider the sensitivity of the model to the dissolution of
particles at the sea floor we removed the sea-floor dissolution from the
model and applied the same optimisation procedure as that described in
Section 2.6.1. Under this alternative configuration optimum values are
found of: Kpoc=0; Kcaco,=4-9%10°; Kguse=37.7%10° and; Kopai=0.0x 10°.
Itis interesting to note that Kpoc=0 in this configuration of the model and
that Kg,s remains relatively high. Both of these results are similar to the
control optimisation and are therefore robust to the lack of sea-floor
dissolution in this sensitivity test.

Kcaco, is higher for the case without dissolution at the sea floor
(Kcaco,=4.9%10° compared to Kcaco,=2.6% 10 in the control) and Kypy is
almost zero (Kopa=0.0x10° compared to Kopa=4.1x10° in the control).
This adjustment in K values implies that more of the vertical transfer of
Nd in the ocean is achieved by scavenging by CaCO3; compared to the
control run and that scavenging by opal is ineffective. Significantly,
without sea-floor dissolution the residence time for the optimised
simulation is 360 yr, less than that of the control simulation. This is
because, if one does not allow for dissolution at the sea floor, the sea floor
becomes a more efficient sink for [Nd]. This effect is particularly
significant for opal dissolution in the Southern Ocean. Opal dissolution
in the Southern Ocean occurs mostly at the sea floor with relatively little
dissolution occurring in the water column. In the absence of sea-floor
dissolution the opal flux to the sediment removes Nd from the model very
efficiently. This explains why the optimal Koy is effectively zero for the
case without sea-floor dissolution — the large reduction in the scavenging
efficiency of opal is required so that the removal of Nd to the sediment by
opal scavenging does not impact the residence time of Nd in the ocean.

Despite this important change to the residence time, the removal
of sea-floor dissolution has no significant effect outside of the
Southern Ocean for dissolved [Nd] and has no noticeable effect on
&ng anywhere. The blue line in the leftmost plot in Fig. 6D shows the
effect of not allowing particle dissolution at the sea floor in the
Southern Ocean. Reduced scavenging by opal means that less Nd is
transferred to the deep Southern Ocean, reducing dissolved [Nd]
there. This reduced scavenging and deep opal concentration in the
Southern Ocean is required so that the residence time of Nd in
the ocean is not greatly reduced due to removal via the opal flux to the
sediment in the Southern Ocean.

In summary, dissolution at the sea floor significantly affects [Nd] in
the deep Southern Ocean but has very little effect elsewhere in the
ocean. This is because opal is subject to minimal dissolution in the
water column in the Southern Ocean but dissolves significantly at the
sea floor, unlike other particle types. Because most of the opal
dissolution occurs at the sea floor it is important to represent sea-floor
dissolution of opal. Without opal dissolution at the sea floor excessive
amounts of Nd are removed in the Southern Ocean, reducing [Nd]
there as well as the residence time of Nd in the ocean. Away from cold,
high latitude waters such as those of the Southern Ocean, opal
dissolution occurs dominantly in the water column and sea-floor
dissolution is less important for the cycling of Nd in the water column.

4. Discussion

The results shown in Figs. 5, 6 and 7 suggest that reversible
scavenging can help explain the difference between [Nd] and eyg (i.e.
the Nd paradox defined here), as evidenced in key ways:

1. modelled [Nd] concentrations are increased in the deep Pacific
compared to the Atlantic (Fig. 5B), following similar trends in
nutrient concentrations and observations and;
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2. modelled [Nd] generally increases with depth while &yq tracks a
very different pattern driven by the circulation of deep-water
masses and the eynq signature of Nd inputs (Fig. 6A-D).

The decoupling of [Nd] and &nq is particularly noticeable in the
Atlantic where gyq is strongly affected by water-mass transport but
[Nd] is not (Fig. 6A-D). Why does a model that includes reversible
scavenging capture these effects? This is explained as follows:

1. Reversible scavenging moves Nd to depth, where particle dissolu-
tion releases it such that [Nd] increases with depth. In a similar
fashion nutrients are remineralised during particle dissolution. This
explains the similarity between nutrient concentrations and [Nd] —
both follow very similar transport pathways and tend to accumu-
late in the deep Pacific.

2. When sinking particles enter a new water mass with similar [Nd]
but different eyq the particles exchange isotopes without altering
[Nd] concentrations — in this way reversible scavenging has
important similarities with the process of boundary exchange
described by Lacan and Jeandel (2005) and Arsouze et al. (2007).

Could significant groundwater discharge of Nd cause isotope
variations without altering [Nd|] (Johannesson and Burdige, 2007) and
provide an alternative explanation for the Nd paradox? Although this
effect should be considered in future models of Nd in the ocean,
groundwater discharge of Nd it is difficult to conceive how such a
mechanism would drive the observed systematic increase of Nd with
respect to depth. Furthermore, it seems unlikely that significant
groundwater discharge occurs at all depths and therefore we rule the
possibility that groundwater discharge can explain the Nd paradox.
We are not aware of alternative explanations to explain the observed
increase of [Nd] with respect to depth besides reversible scavenging,
which we show can explain many aspects of the Nd distribution in the
ocean.

5. Closing comments

This work is intended to establish that reversible scavenging is a
necessary component in explaining the marine Nd cycle and the so
called Nd paradox, the decoupling of Nd concentrations and isotopes
in the global ocean. Alternatives, such as non-reversible scavenging or
significant submarine groundwater discharge (Johannesson and
Burdige, 2007), cannot account for the observed increase in [Nd]
with depth. From the model results shown here one may conclude
that, on the broad scale, reversible scavenging is an active and
important component in the cycling of Nd in the ocean. In particular,
in the Atlantic reversible scavenging drives the increase in Nd with
depth but also allows &yg to act as an effective water-mass tracer. Nd
accumulates in the deep Pacific in a similar way to nutrients. Therefore
reversible scavenging can help explain the Nd paradox. Because the
model is tuned to optimise the fit to Ojngj, the fact that the model
represents &yq reasonably well is an independent validation of the
importance of reversible scavenging for modelling Nd in the ocean.

The effect of particle type on scavenging of [Nd] is significant because
dissolution profiles differ significantly for different particle types. Any
change in scavenging efficiency between particle types therefore has an
important impact on profiles of [Nd] because these are closely coupled to
dissolution. We emphasise the need for observational constraints on the
scavenging coefficients of different particle types, either derived from
laboratory experiments or field observations as well as improved
constraints on particle dissolution profiles.

The effectiveness of eng as a water-mass tracer reflects the balance
between the rate of ocean transport compared to the rate of transfer of
&na down the water column via reversible scavenging. In the Atlantic,
distinct and relatively fast-moving water masses shift this balance in
favour of enq acting as a water-mass tracer. In the Pacific water masses are
more sluggish and &yg profiles more uniform with respect to depth,

reflecting the increased influence of reversible scavenging in this basin
(compare Figs. 6B and 7B, note that the horizontal scales are different in
each plot). The impact of the rate of ocean transport on the effectiveness
of Nd as a water-mass tracer is significant. During periods of reduced
deep-water circulation in the North Atlantic (see, e.g. McManus et al.,
2004) Nd is more likely to be removed to the sea floor there than to
undergo lateral transport. Such an effect may be significant in interpreting
downcore records of &yq such as that of Piotrowski et al. (2005).
Although the inclusion of reversible scavenging explains many
aspects of the paradox, remaining questions exist and the approach
we present here cannot be considered fully quantitative because of the
use of an over-simplified fixed surface boundary condition. Tachikawa
et al. (2003) discuss considerably more sophisticated source terms
than that included in the current study. Further careful studies of the
input of Nd into the ocean will need to be carried out in the future.
Lacan and Jeandel (2005) and Arsouze et al. (2007) emphasise the
importance of the exchange of Nd isotopes with ocean margins via the
process of boundary exchange. For the purpose of the present process
study into reversible scavenging we have not included boundary
exchange but an obvious next step will be to include boundary exchange
in our model. Throughout the text we point out parallels between
boundary exchange and reversible scavenging that suggest a possible
explanation for the depth-dependency of boundary exchange and it will
be interesting to test this hypothesis in a more complete model that
includes boundary exchange. We tentatively suggest here that the
inclusion of boundary exchange in the deep Pacific may help to reconcile
the model results with the high &yq values which are observed there.
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