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Abstract. The decoupled behaviour observed between Ndand isotopic composition (inter-basin gradient, characteriza-
isotopic composition (Nd IC, also referred agy) and Nd  tion of the main water-masses, more than 70% of the simu-
concentration cycles has led to the notion of a “Nd para-lated values fit in thet3 eng envelop when compared to the
dox”. While eng behaves in a quasi-conservative way in the data), though a slight overestimation of Nd concentrations
open ocean, leading to its broad use as a water-mass tracén, the deep Pacific Ocean may reveal an underestimation of
Nd concentration displays vertical profiles that increase withthe particle fields by the biogeochemical model. Our results
depth, together with a deep-water enrichment along thandicate 1) vertical cycling (scavenging/remineralisation) is
global thermohaline circulation. This non-conservative be-absolutely necessary to simulate both concentratioreggd
haviour is typical of nutrients affected by scavenging in sur-and 2) BE is the dominant Nd source to the ocean. The
face waters and remineralisation at depth. In addition, re-estimated BE flux (1.£10'°g(Nd)/yr) is much higher than
cent studies suggest the only way to reconcile both concenboth dissolved river discharge (280 g(Nd)/yr) and atmo-
tration and Nd IC oceanic budgets, is to invoke a “Bound- spheric inputs (1.210% g(Nd)/yr) that both play negligible
ary Exchange” process (BE, defined as the co-occurrenceole in the water column but are necessary to reconcile Nd
of transfer of elements from the margin to the sea with re-IC in surface and subsurface waters. This leads to a new cal-
moval of elements from the sea by Boundary Scavengingxulated residence time of 360 yrs for Nd in the ocean. The
as a source-sink term. However, these studies do not simBE flux requires the dissolution of 3 to 5% of the annual flux
ulate the input/output fluxes of Nd to the ocean, and there-of continental weathering deposited via the solid river dis-
fore prevents from crucial information that limits our un- charge to the continental margin.

derstanding of Nd decoupling. To investigate this paradox
on a global scale, this study uses for the first time a fully
prognostic coupled dynamical/biogeochemical model withq |ntroduction

an explicit representation of Nd sources and sinks to simu-

late the Nd oceanic cycle. Sources considered include disvariations in neodymium isotopic composition (hereafter re-
solved river fluxes, atmospheric dusts and margin sedimenferred as Nd I&) observed within the ocean reflect influ-
re-dissolution. Sinks are scavenging by settling particles.ences from both lithogenic inputs of the element (whose IC
This model simulates the global features of the Nd oceaniavaries as a function of age and geological composition of
cycle well, and produces a realistic distribution of Nd con-
centration (correct order of magnitude, increase with depth ~BY ~ convenience, we preferentially use
and along the conveyor belt, 65% of the simulated valuedh®  end  parameter  defined  as: ENd =

fit in the £10 pmol/kg envelop when compared to the data) (143Nd/144Nd> (143Nd/144Nd) —1) . 104,
sampl CHUR

Correspondence to: T. Arsouze where (143Nd / 144Nd> =0.512638 is the present averaged
BY (arsouze@ldeo.columbia.edu) CHUR

earth value (Jacobsen and Wasserburg, 1980).
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the continent, Jeandel et al., 2007) and the subsequent réeading to the notion of “Boundary Exchange” (BE, strong
distribution by oceanic circulatioreng data show that these interactions between continental margin and water masses by
variations are closely linked to water mass distribution atco-occurrence of sediment dissolution and Boundary Scav-
depth, and that far from any continental sources, Nd IC be-enging, Lacan and Jeandel, 2005). This last process has the
haves quasi-conservatively (Piepgras and Wasserburg, 1982pvantage of including both a source (Boundary Source) and
Jeandel, 1993; von Blanckenburg, 1999; Goldstein and Hema sink (Boundary Scavenging) for the element, affecting the
ming, 2003). Hence, the main water masses display charadC without changing the observed concentration when both
teristic eng values (e.g. NADW:ieng ~ —13.5, AAIW and fluxes are similar.
AABW: gng~ —8). This water mass tracer property has  Resolving the “Nd Paradox” hence resides in 1) finding
been recently explored in the modern ocean, by measuringhe vertical processes responsible for both Nd concentration
dissolved Nd IC and concentrations (Jeandel, 1993; Piepincrease with depth and the Nd IC conservative property in
gras and Wasserburg, 1980; Piepgras and Wasserburg, 198ke water column, and 2) constraining the missing source
1987; Shimizu et al., 1994; Lacan 2004), but has also beenvhich may explain the important observed Nd IC gradient
used for reconstructing past ocean circulation from measureebserved along the thermohaline circulation together with
ments in the authigenic fraction of sediments (Rutberg et al.the relatively moderated increase of Nd concentrations.
2000; Piotrowski et al., 2004, 2005; Gutjahr et al., 2008). Recent modelling of oceanigy, schematically presented
The water mass tracer propertysqfj is commonly accepted, in Fig. 1, has helped to improve our understanding of the Nd
however our understanding of the complete Nd oceanic cycleceanic cycle. Arsouze et al. (2007, Fig. 1a), taking into
is far from sufficient to allow a reliable use of this proxy as account only BE as a source/sink term, simulated a realis-
a paleocirculation tracer (Arsouze et al., 2008). In particu-tic globaleng distribution, suggesting that this process plays
lar, the nature and the relative importance of the different Nda major role in the oceanic cycle of the element. However,
sources and sinks, and the dissolved/particulate interactionthis first approach was based on the simulation of the Nd IC
within the water column remain unconstrained. only (the Nd concentration being considered constant), us-
Previous studies show a decoupling behaviour between Nihg a simple relaxing term parameterization for the BE pro-
concentration and its IC in the open ocean (Bertram and Elcess. Given that no source flux is explicitly considered in this
derfield, 1993; Jeandel et al., 1995; Tachikawa et al., 1999method, the authors could not address the “Nd paradox” and
2003; Lacan and Jeandel, 2001). This feature has beequantify the processes acting in the oceanic Nd cycle. Jones
named the “Nd paradox” (Tachikawa et al., 2003; Goldsteinet al. (2008, Fig. 1b) considered no external sources, but pre-
and Hemming, 2003; Lacan and Jeandel, 2005), and resultscribed surface Nd IC with observations, to concludeRat
in different properties characterizing the Nd concentrationbehaves conservatively in the ocean (changing only by water
and its IC distribution in the dissolved phase. Vertical pro- mass mixing). However they needed to invoke an input to the
files of Nd concentration are similar to that of all Rare Earth deep North Pacific, which could represent an input directly to
Elements (excluding Ce), showing low values in surface wa-the deep ocean (e.g. by boundary exchange), or vertical cy-
ters which increase with depth, suggesting the influence otling. We underline here that prescribiagq at the surface
vertical cycling (i.e. the element is scavenged at the surfacemust be considered as an implicit source of Nd, in contradic-
sinks with the particles, and is subsequently remineralized ation to the conclusion of these authors upon the role of mix-
depth). Furthermore, Nd concentrations increase along théng. Lastly, Siddall et al. (2008, Fig. 1¢) have modelled ex-
thermohaline circulation, which is a typical distribution for plicitly both Nd concentration and IC using a reversible scav-
nutrients like silicate (Elderfield, 1988), whose characteristicenging model to test the influence of vertical cycling in the
residence time is on the order of2x10* years (Broecker oceanic distribution of this element. These authors suggest
and Peng, 1982). In contrast, pronounegg variations be-  that both scavenging and remineralisation processes are im-
tween each oceanic basin indicate that the Nd residence timportant for explaining Nd concentration and IC profiles, con-
is shorter than the global oceanic mixing time estimated tosistent with the conclusions of Bertram and Elderfield (1993)
~10® years (Broecker and Peng, 1982). The conservativityand Tachikawa et al. (1999, 2003). If the results of Siddall
of eng within the major oceanic water masses suggests at firsét al. (2008) provide important implications for solving the
sight thateng may vary in the open ocean only by water-mass “Nd paradox”, the authors can not in return estimate the dif-
mixing, excluding vertical cycling. ferent fluxes involved in the Nd cycle. Indeed, this study
It has been demonstrated that Nd oceanic budgets that coipy Siddall et al. (2008) is prescribing Nd concentration and
sider only dissolved river and atmospheric dust inputs faileng to observations in surface waters, and leaves the detailed
to balance both concentration and Nd IC (Bertram and El-simulation of Nd oceanic sources and sinks for further work.
derfield, 1993; Tachikawa et al., 2003; van de Flierdt et al., This parameterization, although appropriate to initiate stud-
2004). Other sources have been suggested in order to reges using coupled dynamical/biogeochemical models, is in-
oncile the budget of both quantities, like submarine ground-sufficient for comprehending the full Nd oceanic cycle and
waters (Johannesson and Burdige, 2007) or input from coninvestigating all parts of the “Nd paradox”. Also, prescrib-
tinental margin inputs (Tachikawa et al., 2003) subsequentlying Nd IC surface distribution (Jones et al., 2008; Siddall et
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Fig. 1. Summary of the main published Nd oceanic modelling efforts using an OGCM. In each case, the different processes explicitly
simulated are represented. Arrows and legends in blue underline the processes specifically studied, while red components refer to paramete
prescribed by the datdA) Arsouze et al. (2007), modelling only Nd IC, focused on the role of Boundary Exchange using a relaxing term
and defined on the first 3000 m of the continental margin: this work highlighted the importance of this process in the element’s global cycle.
(B) Jones et al. (2008), prescribing a surfagg value estimated by the data suggested that Nd IC distribution can simply be explained by
water mass mixing, except in the North Pacific region, where some external radiogenic inputs are ré@uisthg prescribed surfacgg

and Nd concentration, as well as particle fields determined by satellite observations and then interpolated within the water column, Siddall
et al. (2008) showed the major role of vertical cycling (reversible scavenging process) to reproduggytaitd Nd concentration oceanic
distribution. (D) In this study, besides confirming, as in Siddall et al. (2008), the role of vertical cycling in Nd oceanic distribution, we aimed

to determine and quantify the different sources involved in the Nd oceanic cycle. The Boundary Exchange process is implicitly taken into
account via sediment redissolution along the continental margins (source term) as well as by particle sedimentation (sink term).

al., 2008) and Nd concentration, as well as particle distri-tional GEOTRACES effort (GEOTRACES, 2005). Also, this
bution (imposed by satellite data and then extrapolated intanodel is fully prognostic so that it can be easily used for pa-
the water column, Siddall et al., 2008) limits any potential leo applications or even future climate scenarios.
paleo-application. We explicitly represent and quantify the different sources
This study continues the modelling work initiated by iMPlied in the oceanic cycle of the element (Fig. 1d). This
Tachikawa et al. (2003), Arsouze et al. (2007) and Siddall e@/lows investigation from an independent approach 1) if the
al. (2008) using a coupled dynamical (Ocean Global Circula-Boundary Source could globally represent the primordial
tion Model, that generates dynamical fields)/biogeochemicaflux of the tracer into the ocean, as suggested by Arsouze

(dedicated to carbon cycle and ecosystems studies, that sing! &l- (2007), and 2) if the Boundary Source and Boundary
ulates particle fields in the ocean) model. The vertical cy-Scanvenging fluxes of the BE process can be associated with

cling is simulated using a reversible scavenging model develtn€ “missing flux” proposed by Tachikawa et al. (2003) in
oped for the simulation of trace elements with this coupled©rder to balance the Nd oceanic budget. _ _

model (Dutay et al., 2009). Although these authors identi- Besides being a potential component of primary impor-
fied some limitations of this coupled model for geochemicalt2nce for the Nd oceanic cycle, the determination of trace
tracer modelling, as we will see hereafter, our approach ise.lement. sources is essential to_bgtter constrain the general
dictated by the need for collaboration with carbon cycling lithogenic flux to the ocean. It is important to understand
modellers to initiate further studies aimed at developing thetN€ effects of erosion fluxes on the ocean chemistry, and
biogeochemical model. Such developments may lead to muMore particularly on primary production and sedimentation.
tual advance for both carbon cycle and geochemical (Pa, ThotUdying the BE process may provide substantial informa-
513C, Nd, etc. ..) modelling (Dutay et al., 2009), and also to tion on the gene_ral geoc_;hemlcal cycl'e of t.he elements., such
a significant improvement on our understanding of the ele-2S carbon and iron, which have a direct impact on climate
ment oceanic cycles in the long term, mostly in the contextchange.

of the increasing database that will result from the interna-
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2 Modelling the Nd oceanic cycle sinking with a velocity varying from 50 m/day at the surface
to 300 m/day at depth. The two classes of POC interact via
2.1 The dynamical model NEMO-OPA the processes of aggregation/disaggregation. Also a reminer-

alization process depending on temperature (with1g of
The dynamical model used is the NEMO-OPA model about 1.9) is represented between POCb and POCs, and be-
(IPSL/LOCEAN, Madec, 2006). It includes the sea-ice tween POCs and DOC (Aumont and Bopp, 2006). The refer-
model LIM (Louvain-La Neuve, Fichefet and Maqueda, ence of 10Q:m used to differentiate small and large carbon-
1997), in its low-resolution configuration ORCA2. The defi- ate particles (POCs and POCDb, respectively) does not corre-
nition of the mesh is based on &:22° x cos (latitude) MER-  spond to the definition used by experimentalists, who usually
CATOR grid, with poles defined on the continents so as to getrefer to large particles as particles collected in traps or by
rid of singularities near the North Pole. Meridional resolu- large volume filtration and has having a diameter larger than
tion increases to 0®mear the equator, in order to account for 50m. This being so, the size range of particles trapped re-
the specific local dynamics. Vertical resolution varies with mains unknown. In addition, the particles observed by the
depth, from 10 m at the surface (12 levels included in theUnderwater Video Profilers (UVP, Gorsky, 2000) have a di-
first 125 m) to 500 m at the bottom (31 levels in total). The ameter larger than 1Q0m meaning the same limit as pre-
model is forced at the surface by heat and freshwater fluxescribed in the model.
obtained from bulk formulae and ERS satellite data from the A more detailed description of the model, as well as the
tropics, and NCEP/NCAR data from polar regions. Surfaceequations used, are available as supplementary material of
salinity is readjusted every 40 days to monthly WAO1 data Aumont and Bopp (2006).
to prevent model drift (Timmermann et al., 2005). The Tur- An evaluation of the particle fields generated by the
bulent Kinetic Energy closure is applied to the mixing layer PISCES model with available data collected by particle traps,
(Blanke and Delecluse, 1993), and subscale physics is pasatellite observations and estimations, was performed by
rameterized using the Gent and McWilliams scheme (1990)Gehlen et al. (2006) and Dutay et al. (2009). The small par-
The same model, in similar configurations, has previouslyticle pool represents the main particle stock at the surface (at
been used for other geochemical tracer simulations (Dutayeast one order of magnitude higher than the large particle
et al., 2002, 2004, 2009; Doney et al., 2004; Arsouze etconcentration). The simulated small particle concentrations
al., 2007). Despite classical shortcomings of low resolutionin surface waters are in agreement with observations, mostly
models (boundary currents too weak, crude representation dh regions of high productivity (coastal upwellings, Equato-
sinking of dense water during deep water masses formation)jal Pacific, Austral Ocean). In contrast, PISCES generates
this model satisfyingly simulates the main structures of theexaggerated vertical variations of the small particle distribu-

global thermohaline circulation. tions at depth in the water column leading to small particles
concentrations that are too low, due to remineralization and
2.2 The biogeochemical model PISCES aggregation processes. This POCs vertical gradient largely

overestimates the available observations (only a factor of 50
The biogeochemical model PISCES developed for carborbetween surface and depth, compared to a factor of 1000 for
cycle modelling was coupled to NEMO. It is a prognostic the model). In contrast, the few Cag@nd BSi vertical pro-
ecosystem and oceanic carbon cycle model, based on thiles observed in the water column are successfully replicated
Hamburg Model of Carbon Cycle version 5 (HAMOCCS, by the model (Dutay et al., 2009).
Aumont et al., 2003), that represents the biogeochemical cy-
cles of carbon, oxygen, and five nutrients of primary pro-2.3 The reversible scavenging model
duction (phosphates, nitrates, silicates, ammonium and iron). ) ] .
Redfield ratios are set constant, and are based on phytoplankhe increase in Nd concentration with depth suggests a re-
ton growth limited by nutrient availability (Monod, 1942). versible exchange between the dissolved and the particulate

The model features two classes of phytoplanktonphases (Nozaki and Alibo, 2003). Nd is adsorbed onto sink-

(nanophytoplankton and diatoms), and two classes of zool"d particles in the surface layers, and is redissolved at depth

plankton (microzooplankton and mesozooplankton), as well(we refer to this combined process as vertical cycling). In or-
as three non-living components, including Dissolved Organicder {0 represent this process, we use the approach developed

Carbon (DOC), small and large particles. Small particlesPy Nozaki etal. (1981) and Bacon and Anderson (1982), and
(particles between 2 and 1@@n in size) have a sinking ve- reformulated by Henderson 1et al. (1929), Siddall _et al. (2005)
locity of 3 m/day (determined using the relationship between2nd Dutay et al. (2009) fot*'Pa and?*°Th modelling, and
particle size and the sinking velocity established by Kriest, Siddall etal. (2008) for Nd isotope modelling. This approach
2002), and consist of Particulate Organic Carbon (POCS)ponS|ders dissolved and particulate phases as in equilibrium
Large,particles include Particulate Organic Carbon with awithin the ocean, and their relative contribution is set using
diameter larger than 1gm (POCb), biogenic silica (BSi), " equilibrium partition coefficient’

calcite (CaCQ@) and lithogenic particles (atmospheric dust),

Biogeosciences, 6, 2829-2846, 2009 www.biogeosciences.net/6/2829/2009/
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Considering Nd dissolved concentrations gNénd Nd
particulate concentrations (concentration of Nd by unity of
particle mass, Ngh, the equilibrium partition coefficienk
is defined as:

Nd,,

- Ndde

1)

whereC), is the mass of particles per mass of water. This co-

efficient K is defined for each type of particles represented
in the model: small (POCs) and big (POCb) Particulate Or-
ganic Carbon, Biogenic Silica (BSi), calcite (CagGand
lithogenic atmospheric dust (litho).

We model the twol*3Nd and 144Nd isotopes indepen-

2833

The evolution of the total concentration of the tracer is
equal to the sum of all sources (A), influence of vertical cy-
cling (B) and physical transport by advection and diffusion
(C). The conservation equation of the tracer can therefore be
written:

aNd
T — §(Ndr) ©
——
A)
9 gNd ¢ 0 Nd;
_ 9(wygNdys) 3wy /”)_U.VNdT+V-(kVNdT)
9z 0z
(@
s ©

where S(N¢) is the Source term of the tracer (cf. Sect. 2.4).

dently aqd calculateng and Nd concentra_ltion _afterward. The vertical cycling represents the scavenging of Nd by the
Sgservatlggf do not suggest any fractionation betweetparticles (v, andw; are the sinking velocities of small and
Nd and™*"Nd dissolved, colloidal and particulate phases pig particles, respectively). The simulations are performed
(Dahlgyist, 2005), as they are two isotopes of the same el«qff-line” using pre-calculated dynamical: velocity/§ and
ement, and their masses are quite similar. Partition coeffi-mixing coefficient ), and particle (POCs, POCb, BSi, and
cients () are thus assumed as being identical for the twocacQ) distributions in order to reduce computational costs,

isotopes for each particle type.

In the model, we transport for bofi3Nd and#*Nd trac-
ers the total concentration (MY defined as the sum of dis-
solved concentration (Ng, small (POCs: Ngy) and big
(POCb, BSi, CaCQO, litho: Ng,) particulate concentration:

2)
Applying Eq. (1) to the particulate pools to express total con-

Ndy = Ndps+Ndpg+Ndd

centration as a function of dissolved Nd concentration, we

obtain:

Nd7 = (Kpocst Crocs+ Kpoch* Croch+ Kesi*Cesi (3)
+Kcacq * Ccacq + Kiitho * Ciitho + 1) % Ndy

that leads to:

Nd,, = (@)

KpocdLprocs
KpocsCpocst KpoctCpocht+ Kesi*Casi+ Kcacg*Ccacg + Kiitho*Clitho + 1

*NdT

Nd,, =
KpoctCpoch+ Kpsi*Casi+ Kcaca*Ccacag, + Kiitho*Clitho
KpocsCprocst KpoctxCrocht KesixCesi+ Kcaca*Ccaca + Kiitho*Clitho +1
*Ndr

(5)

This allows Nd concentrations in small and big particles to be
defined a posteriori as a function of partition coefficients and

total Nd concentration. The main advantage of this method i
that we simulate explicitly the total concentration of the two
isotopes (two tracer¥*Nd; and14“Ndy) rather than con-
centration in every phase (dissolved, small particles and al
big particles, meaning 12 tracers), which implies a substan
tial gain of computational cost.

www.biogeosciences.net/6/2829/2009/
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which allows us to perform some sensitivity tests.
2.4 Description of Nd sources and sink

One of our main objectives is to study the relative influence
of the different sources of Nd to the ocean. We therefore
explicitly represent the different source of Nd in the ocean in
our simulations.

The source of the BE process (Boundary Source) is as-
sumed to be the dissolution of a small percentage of the sed-
iments deposited along the continental margin. We spec-
ify this source in the model by imposing an input flux on
each continental margin grid point of the model between 0
and 3000 m (Boillot and Coulon, 1998). This Nd Boundary
Source is written as:

(1)

S(NdT)sedz/Fsed*masknar*f(z)

s
whereFseqis the source flux of sedimentary Nd to the ocean
(in g(Nd)/n?/yr). Sediment flux is assumed here as geo-
graphically constant. This hypothesis may be not verified
in the ocean and disparities could play an important role on
a global scale. However, considering the lack of knowledge
of the processes acting on this source, it seems reasonable
to set it as constant as a first approximatioFseq is then
determined for botd*3Nd and14“Nd isotopes by multiply-
ing this sediment flux to the concentration along the margin.
This is set up viang definition and Nd isotopes abundances,
using Nd concentration anghg maps along the continen-
tal margins (Fig. 2a and b), both generated in a similar way
y interpolation of a recent data compilation (Jeandel et al.,
007). We use the high-resolution ETOPO-2 bathymetry to
calculate, for each grid cell of the model, the percentage of
continental margin surface within the cell with respect to the
surface of the cell (maglg). This determines, for a geo-
graphical point, the fraction of the flux that is applied at each

Biogeosciences, 6, 2829-2846, 2009
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A ‘ Nd IC of marglns (in 5Na) L B) Nd concentration of margins (in pmol/kg)
i o
60°N 7{q§§\/ =, ZEF &;’-‘J&iﬁ 51 v 60°N 7§§<~‘E§§‘{" = LS ;é:(ré&z’\ja e z;
B aN izt s RPN St =
IR Ew‘ g - r& L ° IS ﬁaef- LA o
™ [N -5 ™
N ) - O = e g :
g N - g 81 =
e C2 A S Bl U2 e :
,, A ) R 25 N i M i
oc | i L -30 oc | T = -1
oSl e T ST e v
—= -40 = 0
180°W ‘ 126“W ‘ 60‘°W ‘ d“ ‘ 60‘°E ‘ 12[‘)°E ‘ 180°E 180°W ‘ 1 26°W ‘ 60‘”\/\/ ‘ 0‘D ‘ 6[}"’E ‘
Q Nd IC of rivers (in eNd) D) Nd concentration of rivers (in rxg/g
I I I I I I 0 I 200
60°N ,Qﬁ‘wéﬁig\/ = :;E::%'g:r/sxwa; H 60°N ,@"‘4@%\/ oL 7 g?%ﬂ.&“f ‘::
o= & i o i - “pd | He
= G . 70
o \%\ ® 0° } : {“ \{ %g : °
: - A 50
] Sy © ] U P B
Q” 5 + b -
60° | = 20 60° - 2
T T

T T T
180°W 120°W 60°W 0° 60°E 120°E 180°E

60N LB T Ty g > e o
< \L‘\C il éaagg "~y &
Lo TR S e B

> 9

. NI e e i
r . H

600 41 : e o H
= R =z| B
] B

T T
180°W 120°W 60°W 0° 60°E 120°E 180°E

Fig. 2. Input maps applied to the mode{A) eng map along the continental margin determined by Jeandel et al. (2007). This input is
applied to the sedimentary remobilization soufegg (B) Nd concentration map along continental marginigyg) determined by Jeandel

et al. (2007). This input is also applied to the sedimentary remobilization s@ygge(C) eng map of river runoff given by Goldstein and
Jacobsen (1987)D) Nd concentration of river runoff (in ng/g) Goldstein and Jacobsen (1987); scale is non [{E¢énterpolatedsyg

map of atmospheric dust (Grousset et al., 1988; Grousset et al., 1998; Jeandel et al., 2007). Dust patrticle fields are provided by Tegen an
Fung (1995), and Nd concentration is set constant tag@. (F) Runoff map prescribed by NEMO OGCM (in 1®0g/an). Scale is non

linear.

layer depth. Also, we multiplyseq by a vertical function  and Jacobsen (1987). Using the runoff estimation provided
equal to 1 in the first 1000 m, then exponentially decreasingoy the NEMO model, and a subtraction of 70% of material
at depth (f(z)). This vertical variation has been applied in in the estuaries (Sholkovitz, 1993; Elderfield et al., 1990;
accordance with iron modelling (Aumont and Bopp, 2006) Nozaki and Zhang, 1995), we obtain a Nd dissolved flux
and previous:ng modelling studies (Arsouze et al., 2007), from rivers of 2.6<10% g(Nd)/yr (Table 1). This value is
because we suppose that the sediment dissolution is moidewer, but the same order of magnitude, than the flux used
important in surface waters than at depth (at the surface, dyby Tachikawa et al. (2003), equal tox50° g(Nd)/yr.

namic activity is more vigorous, and biological processes are - atmospheric dust flux is determined using monthly maps
more important). The only available global estimation of the provided by Tegen and Fung (1995), in agreement with the
Nd Boundary Source flux is the “missing flux” calculated method used for the PISCES model for nutrients (Aumont
by Tachikawa et al. (2003). We therefore use their value ofand Bopp, 2006). Nd IC of this source has been established
8.0x10° g(Nd)/yr as a reference for our simulations. using available data (Grousset et al., 1988, 1998). How-
In addition to Boundary Sources, dissolved river dischargegver, in the areas where no data were available gifaeof

(defined on continental margin points only) and atmospherighe dust is determined according to the value for the re-
dust deposit are taken into account as Nd inputs in surfacgjon of origin of the dusts (Fig. 2e). These data are avail-

waters (first vertical level). able from Jeandel et al. (2007). Nd concentration in atmo-
spheric dusts was set constant at2fdg (Goldstein et al.,
S(NdT)surf=/Fsurf (8)  1984). We considered a 2% Nd dissolution rate (Greaves
s

et al., 1994), as used by Tachikawa et al. (2003), i.e. 98%
where Fgyi is the Nd flux of these two sources to the ocean of the Nd brought by atmospheric dusts to the ocean sinks
(in g(Nd)/n?lyr). with the lithogenic particles to the sediment without inter-

For dissolved river discharge we use the climatologicalacting with the scavenging cycle. It is important to note
runoff applied to the dynamical model (Fig. 2f). Nd IC that some uncertainty remains concerning dissolution rates
(Fig. 2c) and concentrations (Fig. 2d) in river inputs are es-of atmospheric dusts, as published data vary from 2 to 50%
timated using the compilation of data provided by Goldstein(Tachikawa et al., 1999; Greaves et al., 1994). However,
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Table 1. Main characteristics of equilibrium partition coefficients and source fluxes for each experiment. Residence time of Nd in the ocean
is calculated using the sum of flux (source or sink) and the total quantity of Nd simulated in the os&ag/(S(Ndr)segtS(NAr)surf) -
Also, for comparison purpose, values of equilibrium partition coefficient and residence time from Siddall et al. (2008) have been added.

Global flux
Boundary Percentage of Percentage of points
Source Residence Total quantity points where where [Nd] (model)=
(S(Nd7)seg in Equilibrium partition coefficient time of oceanic Nd  eng (model)= [Nd] (data}t10
Experience|  g((Nd)/yr) Kpoms Kpomb  Kesi  Kcacq  Kitho  (rinyears) ©nging(Nd)) eng (data)+3 eng pmol/kg
EXP1 0 1.4x107 0 0 0 2.3%10° 760 411011 64.76 12.21
EXP2 8x10° 1.4x107 0 0 0 2.3%10° 640 5.3%1012 70.10 54.84
EXP3 8x10° 7.7x107 0 0 0 2.3%10° 150 1.3<1012 63.24 21.43
EXP4 8x10° 1.4x107 2.6x10° 1.8x10° 7.8x10° 2.3x10° 125 1.1x 102 68.19 37.10
EXP5 1.1x10° 1.4x107 52x10* 3.6x10* 1.6x10° 4.6x10° 360 4.2¢1012 71.05 64.52
- 0 - 6.010° 2.1x10° 2.9x10° 500 - - -
Siddall et - 0 - 6.0c10°  2.1x106  2.9x107 100 - - -
al., 2008 - 0 - 6.0c10°  2.1x107 2.9x10° 10-30 - - -
- 0 - 0 4.910° 3.8x10° 360 - - -

Zhang et al. (2008) reconsidered all this data and estimatetligher than those observed for biogenic particles (Bayon et
that this percentage does not exceed 10%. We finally obtaiml., 2004). The fact that PISCES does not take into ac-
a flux of 1x10° g(Nd)/yr (Table 1). Still, this value is lower count these particles might be critical to simulate realistic
than Tachikawa et al. (2003) who considered the earlier DuceNd dissolved-particulate interactions. Nevertheless, observa-
et al. (1991) atmospheric dust deposit estimation, leading tdions in the Atlantic and Austral basins, give an estimation of
a flux of 5x 108 g(Nd)/yr. Additional sensitivity tests on both Nd,/Nd, values between 0.05 and 0.1 (Jeandel et al., 1995;
dissolution rate ratios for atmospheric dusts and Nd dissolvedachikawa et al., 1997; Zhang et al., 2008).
river discharge (not shown here) do not significantly change Using the same model for thet?’Pa and®3°Th simula-
the results and conclusions presented here. tions, Dutay et al. (2009) have shown the necessity to im-
The re-dissolution of solid material deposited by rivers atpose a variation of the partition coefficient as a function of
estuary mouths is potentially a source of great importanceparticle stock, in order to simulate realistic vertical profiles
(Sholkovitz, 1993; von Blanckenburg et al., 1996). However, for both the dissolved and particulate phases. In addition,
this source is implicitly taken into account via the Bound- the scavenging of these tracers had to be controlled by the
ary Source Fseg), as we consider that all material deposited small particle pool, and thus the value of their partition coef-
along the continental margin is made available for sedimenficients with this pool had to be greater than those applied to
re dissolution. the big particles. We adopt this approach for our Nd simu-
To balance the budget of Nd in the ocean, the only Ndlation and therefore set equilibrium partition coefficients for
sink considered is the burying of particles in the sedimentthe big particle pools lower than those for the small particle
at the bottom of the water column, i.e. scavenging. Thepool.
particle-associated neodymium sinking at the deepest level Lastly, contrary to?3}Pa and?3°Th isotopes, for which
thus leaves the model. Simulations are run uktiNd scavenging coefficients can vary from several orders of mag-
and*Nd oceanic concentrations reach an equilibrium state nitude depending on the particulate pool (Dutay et al., 2009),
which is when the sink balances global sources. there is no current evidence from Nd data that preferential
scavenging occurs when biogenic silica or carbonate dom-
inate the particle pool. Thus we only differentiated small
3 Simulation description and big particles. The same equilibrium partition coeffi-
cient value is taken for each pool of big particles, consider-
Currently the available observations of Nd concentrationsing their global averaged concentrations (POCb, BSi, CaCO
in particulate phases, which allow constraint of the equilib- and litho). Characteristics of sensitivity tests performed on
rium partition coefficients (K) are scarce. In addition, the K values performed are summarized in Table 1 (EXP3, EXP4
pool of particles generated by the PISCES model is bio-and EXP5).
genic, whereas data suggest that particulate Nd, is mainly The first experiment (EXP1) takes into account only
adsorbed on the hydroxide phases coating the biogenic padissolved river discharge and atmospheric dust (surface
ticles (Sholkovitz et al., 1994). Nd concentrations in iron sources), which are the classical sources generally consid-
or manganese hydroxides are at least an order of magnitudered in trace element budget studies. In addition only small
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and lithogenic particles are taken into account to simulateulated. Moreover, the Nd concentrations are at least an or-
the vertical cycle. We tak&poms1.4x10" and Kjitho= der of magnitude too low compared to the observations (av-
2.3x10° that correspond to Ne/Nd;=0.001 and k10~ erage global value of [Nd] (model)=2.3 pmol(Nd)/kg, [Nd]
respectively, and=0 for remaining particle pools (POMb, (data)=21.5pmol(Nd)/kg and only 12% of modelled Nd con-
CaCQ;, BSi, cf. Table 1). Although these values are much centrations fit into the-10 pmol/kg envelop when compared
lower than the available data (Tachikawa et al., 1997), theyto the data, Fig. 5 and Table 1).

are taken close to the same order of magnitude as in Siddall |n the second experiment (EXP2, BE added), simulated
et al. (2008), and normalized to unit N(Nd, value. end Values in surface waters are still in agreement with the
In a second experiment (EXP2), we consider the same conebserved data, and its distribution in the deep Atlantic Ocean
figuration as the first simulation, but we added the sedimenis closer to the observed data. Indeed, the water masses in
remobilization source (Boundary Source). this basin are now simulated with very realistigy values
EXP3 and EXP4 test the sensitivity of the vertical cycling, (Fig. 3): AABW (eng (model) = —10, eng (data) = —8)
considering the same sources of Nd as those considered it also AAIW Eng (Mmodel) = —8, eng (data)= —8) and
EXP2. For the third experiment (EXP3), we enhanced theNADW (eng(model) = —13, eng (data)= —13). Contrast-
small particle role relative to EXP2 by increasing the valueingly, simulatedeng values in the deep Pacific Ocean are
of the equilibrium partition coefficient on small particles to still much too negative when compared with the observa-
Kpoms7.7x107 (which is equivalent to Ng/Nd;=0.005).  tions eng (Mmodel)= —10, eng (data) =—4, Fig. 8), hence
In the fourth experiment (EXP4) we have inserted the bigproducing areng inter-basin gradient wich is much too ho-
particles (POMb, CaC§ BSi) that were neglected in the mogeneous. As a consequence, the simulated Nd concen-
first three experiments, the other equilibrium partition coef- trations (Figs. 5 and 6) display values in the global ocean
ficients being identical to those of EXP2. The equilibrium which are too high (average global value of [Nd] (model)
partition coefficient value for big particles in EXP4 is set two = 35.7 pmol(Nd)/kg). The Nd vertical profiles are too pro-
orders of magnitude lower than for small particles, consider-nounced, with realistic values at intermediate depth in both
ing their respective concentrations in the PISCES model, i.ethe Atlantic and Pacific basins, but concentrations are too low
Kpoc=2.6x 10%, Kgsi=1.8x10* and Kcacq=7.8x10* that in surface waters, and too high at depth, particularly in the
correspond to Ng/Nd,=1x10~° (Table 1). Pacific basin (Figs. 5 and 6). It should also be noted that
Finally, in the last experiment (EXP5) we optimized the this simulation produces a realistic increase of concentrations
characteristics of both our dynamical and biogeochemicalalong the thermohaline circulation, in agreement with the ob-
models according to the information gained through the preservations. o » .
vious tests, in order to produce the most realistic simula- 'ncreasing the value of the equilibrium partition coeffi-
tion. BE flux is adjusted to F(N&)seq=1.1x 1010 g(Nd)/yr cient on small pqrncles in the th|rd experlment (EXP3) [eads
and equilibrium partition coefficients are slightly reduced t© @ strengthening of the vertical cycling effect on simu-
compared to EXP4 for POMb, CaG(BSi and litho, and un- lated sNd_an_d Nd concent_ratlon_s. I_t results in an _undesw-
changed for the small particles (Table 1). Depending on the?Pble vanishing of NADW isotopic signature along its path-
estimations, only between 3 and 5% (Milliman and Syvitski, W&y in the Atlantic Ocean (Fig. 3). However it improves the
1992) dissolution of Nd material is required to explain our éNd distribution in the deep Pacific Ocean where values be-

total Boundary Source flux S(Ndseq=1.1x 101 g(Nd)/yr. comes more radiogenic _(Fig. 8), but also Iead_s to unr_ealistic
high values at intermediate depths. Increasing vertical cy-

cling enhances the sedimentation process (sink of Nd), and
4 Results excessively reduces the simulated Nd concentrations ([Nd]

(model) = 6.8 pmol(Nd)/kg and only 21% fit into the [Nd]
For each experiment, both Nd IC and concentration are(model) = [Nd] (data}-10 pmol/kg envelop, Fig. 5 and Ta-
shown along meridional sections in the Pacific Ocean (av-ble 1). The decrease of total Nd concentration with a constant
eraged zonally between 120 and 160 W) and along the  source flux leads to a reduction of the residence tinfde-
western boundary of the Atlantic Ocean (Figs. 3 and 5),fined ast=(F(Nd)sur+F(Nd)sed/Ndr) from ~700 years in
where the water massig have been characterized. Figures 4 EXP1 and 2 to 150 years in EXP3 (Table 1).
and 6 are scatter plots showing model and observations and Taking into account the influence of fast sinking biogenic
Figs. 7, 8, 9 and 10 display horizontal mapgqd in surface  big particles (POMb, CaC§bSi; EXP4) yields results close
(0—200m) and at depth (2500—4000 m), and Nd concentrato those observed when increasing the equilibrium partition
tion averaged over the same depth ranges, respectively.  coefficient for small particles (EXP3): the oceanic residence

The first experiment (EXP1) produces a satisfactogy time of the tracer decreases (125 years), and both Nd con-

distribution in surface waters (Fig. 7), but is much too ho- centration and Nd IC in the water column are more homo-
mogeneous in the deep ocean (Figs. 3, 5 and 8), particularlgeneous. Simulated Nd IC distribution in the deep Pacific
in the Atlantic basin, where the signature of the main wa-Ocean is in better agreement with the observations than in
ter masses (NADW, AAIW, AABW) are not correctly sim- EXP2, but Nd concentration becomes too low. Most of all,
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Fig. 3. Vertical eng sections for all simulations, in the Pacific basin averaged betweehV¥2dhd 160 W (upper panel), and along the

western section of the Atlantic basin (lower panel). Superimposed circles are the data from the compilation by F. Lacan and T. van de
Flierdt; http://www.legos.obs-mip.fr/fr/equipes/geomar/results/databves®6.xls (Piepgras et Wasserburg, 1982; Piepgras et Wasserburg,
1983; Stordal et Wasserburg, 1986; Piepgras et Wasserburg, 1987; Piepgras et Jacobsen, 1989; Jeandel, 1993; Jeandel et al., 1998; Lac
et Jeandel, 2001, Amakawa et al., 2004). Colour scales are the same for all simulations and data, but different for each section. For eact
basin, characteristic profiles are numbered and located on the associated map, and at the bottom of each transect, for each experiment. Ma
characteristics for each experiment are summarized in Table 1.

this simulation succeeds in keeping a realistic isotopic sig-(data)+3eng envelop, Figs. 3, 4, 7 and 8). In patrticular,
nature of AAIW and NADW in the Atlantic basin, although inter-basineng gradients (Fig. 8) and isotopic signature of
generating an AABW which is slightly too non-radiogenic the main water masses (Fig. 3) are correctly reproduced, as
(Fig. 3). well as surface isotopic signatures (Fig. 7). The increase of
Finally in the last experiment (EXP5) in which intensity of the Nd sink has been compensated by an increase of the sed-
the BE flux and values of partition coefficients of large parti- iment remobilization processed to produce more coher-
cles have been adjusted, we simulajg distribution in good ~ ent concentrations (Figs. 5, 6 and 10, average global value of
agreement with the data (71% fit into thgq (model)=ng [Nd] (model)=24.6 pmol(Nd)/kg and 65% of modeled values
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Fig. 4. eng model/data cross plot for each experiment as a function of depth (colour code). Circles represent the data located in the Atlantic
basin; squares are data in the Indian basin and triangles are data in the Pacific basin. Red line is the linear interpolation line. Black lines
represent the linesyg (model)=ng (data) andsyg (Mmodel)=ng (data}:-3eng, Which represents a characteristic value used to define a

good agreement between the model and the data. Main characteristics for each experiment are summarized in Table 1. Data are from th
compilation by F. Lacan and T. van de Flierdt; http://www.legos.obs-mip.fr/fr/equipes/geomar/results/datah@éexis (see references
therein).

in the [Nd] (data)£10 pmol/kg envelop). As observed in the Atlantic Ocean. A possible way to improve the results in
EXP4, the scavenging onto big particles leads to more coherthe Pacific Ocean would be to enhance vertical cycling (ei-
ent vertical gradients, even if concentrations in the surfacegher by increasing the equilibrium partition coefficient for the
layer remain systematically too low (Figs. 5 and 9) while small particles or by inserting the big particles in the scav-
concentrations generated at high northern latitudes are toenging model), in order to export a radiogenic surface water-
high (Figs. 5, 6 and 9). Residence time is 360 years. like signature at depth. However, this action yielded an in-
crease in Nd sedimentation and subsequently a decrease in
global Nd concentration. Since the simulated Nd concentra-

5 Discussion tions in EXP1 are already an order of magnitude lower than
the observed concentrations, increasing the vertical cycling
5.1 Sensitivity of Nd oceanic cycle to sources does not help to reconcile both Nd IC and concentration dis-

tributions, as much as the sources are restricted to the surface

The above results provide valuable information about the roleonly.
(or impact) of the different Nd sources on the oceanic Nd Another option for improving the simulated deep Pa-
IC and concentration distributions. This information allows cific and Atlanticeng distributions was to consider an ad-
a better understanding of one important aspects of the Ndiitional source of Nd to the oceanic reservoir. Sediment re-
paradox: how can we explain the observed Nd IC gradienidissolution effects along the continental margin (Boundary
along the global thermohaline circulation despite a relativelySource) have been tested in the second experiment (EXP2).
small increase in Nd concentration? Sediment flux (S(Ng)seg intensity was estimated using first

In our first experiment, we first applied dissolved river dis- the “missing flux” proposed by Tachikawa et al. (2003) and
charge and atmospheric dusis(;s — EXP1). This lead to then adjusted in EXP5. Taking into account this source
simulatedeng values that are close to the existing data at sur-largely improved our simulation of the Nd oceanic cycle,
face depths (0—200 m, Fig. 7), suggesting that these sourcegenerating Nd concentrations closer to the observed data,
could control the isotopic Nd distribution in the upper ocean.though still an order of magnitude lower when compared to
However, it produces a#ng distribution that is too homoge- the data in surface and intermediate waters. It also greatly
neous in the deep ocean, too negative in the deep Pacific, arichproved the simulation of the isotopic composition of the
provides a very poor simulation of water masses signature irmain water masses in the Atlantic Ocean.
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Fig. 5. Same figure as Fig. 3, for Nd concentration (in pmol/kg).

The Nd oceanic budget simulated here suggests a large Changing the solubility of atmospheric dust entering sea-
predominance (about twenty times higher than cumulatedvater or reducing the subtraction of dissolved material in the
other sources) of the role of the sediment re-dissolutionestuaries (which would contradict the field or experimental
source (S(Nd)seg, meanwhile surface sources (S(Nédur) results) may change the S(Nduf value. However, this lat-
appeared predominant for constraining surface water isotopiter value still remains small compared to S{Ngkq value,
signatures. Other experiments, not reported here, showednd the change does not significantly modify the Nd distribu-
that considering BE only, excluding dissolved river and dusttion (sensitivity tests not presented here). Boundary Source
inputs, have led to less realistic simulations of the surfage  can therefore be considered as a major source of Nd in the
distribution. As a source that influences Nd concentrationocean that is fundamental to simulate a realistic Nd oceanic
and Nd IC at depth, we can preclude submarine groundwatecycle.
as acting in the Boundary Sources, because their influence is
mainly limited to the upper 200 m (Johannesson and Burdige,

2007).
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Fig. 6. Same figure as Fig. 4, for Nd concentration (in pmol/kg). Black lines represent the lines [Nd] (model)=[Nd] (data) and [Nd]
(model)=[Nd] (data)x10 pmol/kg, which represents a characteristic value used to define a good agreement between the model and the data.
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Fig. 7. Horizontaleng maps averaged between 0 and 200 m, for all the experiments. Superimposed circles represent the data at the same
depth, from the compilation by F. Lacan and T. van de Flierdt; http://www.legos.obs-mip.fr/frlequipes/geomar/results/deagbésds

(see references therein) and Rickli et al. (2009). Colour scale is non linear. Main characteristics for each experiment are summarized in
Table 1.
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Fig. 9. Same figure as Fig. 7, for Nd concentration (in pmol/kg).

5.2 Sensitivity of Nd oceanic cycle to vertical cycling:  cling in order to homogenize the vertical column in the Pa-
small vs. big particles cific is therefore pertinent, though it should maintain the out-
come in the Atlantic Ocean. As the lateral isopycnal trans-

The second experiment successfully simulated reasonablgort is more intense in the Atlantic than in the Pacific Ocean,
distributions of both Nd IC and concentrations. However, vertical processes in this last basin might be more sensitive.
some discrepancies still remain, particularly in the deep Pa- Basically, the equilibrium partition coefficient establishes
cific where simulated deep waters had underestimated Ndhe relative influence between dynamical lateral transport
IC and overestimated concentrations. Enhancing vertical cyand vertical scavenging. Enhancing the influence of vertical
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25 preserved and even improved agreement with the data in the

80°N

Atlantic basin.

These results are consistent with those of Siddall et
al. (2008), which demonstrated the importance of vertical
, T ¢ . 4 cycling (reversible scavenging process) in reconciling Nd IC
. \, OFF \ A A G and concentration distributions, and therefore resolving the

S ' ' “Nd paradox”. Also, this highlights the importance of differ-
A : = ent pools of particles size in this model for setting the char-
. ‘. \ 55 acteristics of the Nd isotopic distribution, and more precisely
/ the potential role of fast sinking particles.

g e § ©5 5.3 The “Nd paradox”
R : GOE L a—oEe

Based on information gained from previous sensitivity
tests on sources and vertical cycling (EXP1 to EXP4),
Fig. 11. Logarithmic map of Nd flux to the seafloor for experience the configuration of our last experiment (EXP5) was
EXP5, in gm‘zyr_l. Black line delineates the continental margin adjusted to obtain the best agreement between simu-
area, where 64% of the Nd sink is located. latons and data. We have considered the surface
sources of EXP1 (S(Nésur=2.6x10° g(Nd)/yr) whereas
cycling, either by increasing the partition coefficient for the sediment remobilization has been slightly increased
small particles (EXP3) or by inserting big particles in the (S(Ndr)se=1.1x 109 g(Nd)/yr), in order to compensate for
reversible scavenging model (EXP4), increases the removahe decrease in Nd concentration caused by the insertion of
of Nd from the water column and reduces our global Nd con-big particles in the reversible scavenging model. Associated
centration to more unrealistic values (cf. Table 1, Figs. 5, 6,with this later source, the sink of Nd along the continental
9 and 10). margin (corresponding to the Boundary Scavenging process),
Both EXP3 and EXP4 successfully generated the requirecven if less important as the source, represents as much as
reduction of Nd concentration, and the formation of more ra-64% of the global Nd sink (Fig. 11), confirming that BE acts
diogenic waters in the deep Pacific Ocean (Figs. 3, 4 and 8)as both a major source and sink for oceanic Nd, as deduced
However they differed in their performance in the Atlantic from the observations (Lacan and Jeandel, 2005).
Ocean. EXP3 generated a significant degradation of simu- Due to the limited number of sensitivity experiments that
latedeng characteristics in the Atlantic Ocean, while EXP4 could be conducted due to time constraints, this version is

T
100°W 0° 100°E
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not necessarily optimal, but it shows some improvementss Conclusions
compared to the four other experiments. The resulting simu-
lated Nd IC is in excellent agreement with the observed datal he objective of this study was to use an ocean model as a
(Figs. 3, 4, 7 and 8), though concentrations in the surfacdgool to better understand the Nd oceanic cycle and to work
ocean are low (Figs. 5, 6 and 9). We attribute this bias totoward the resolution of the “Nd paradox”, (i.e. estimating
the particulate fields generated by the biogeochemical modethe sources and sink of the element, and qualifying the pro-
PISCES. In this work, as in th&3lPa and?3°Th simula-  cesses acting on the element’s distribution within the reser-
tions proposed by Dutay et al. (2009), and consistent withvoir). We simultaneously simulated both Nd isotopic compo-
either experimental or field observations, the small particlesition and concentration using a prognostic coupled dynam-
pool drives the vertical cycling in the water column. It is ical/biogeochemical model and used a reversible scavenging
characterized here with a higher equilibrium coefficient for model to simulate the Nd transformation and sink into the
small particles than for the big particle pool. However, small ocean. We have also implemented for the first time a realis-
particle fields generated by PISCES are underestimated dic calculation of the Nd sources, with an explicit representa-
depth (Dutay et al., 2009) leading to an overestimation oftion of sedimentary remobilization along continental margins
the Nd concentrations (as Nd is less scavenged). Improv{source of the Boundary Exchange process) as well as dis-
ing the small particle concentration at depth in the PISCESsolved river discharge and atmospheric dust sources (surface
model would likely help to smooth the vertical modelled gra- sources).
dient, recover deep Pacific radiogenic waters in our simula- In accordance with previous results of Siddall et al. (2008)
tion (Figs. 3 and 8), and better simulate element cycles inand Oka et al. (2008), vertical cycling needs to be invoked
the ocean, which is an important goal. Nevertheless, in oufsurface removal combined with remineralisation at depth)
model, big particles also play an important role in reconcil- to correctly simulate Nd isotopic composition and concen-
ing deep ocean Nd concentration while keeping the Nd IC adration distributions. As yet, we are unable to verify the va-
a water-mass tracer property. lidity of our partition coefficients because very little data are
The residence time of Nd in the ocean in this last experi-available. A strong recommendation deduced from this work
ment is 360 years, which is in the lower range of previous esds to improve our knowledge of the dissolved/particle distri-
timations of~300 to~600 years (Piepgras and Wasserburg, bution of the geochemical tracers, which the GEOTRACES
1983; Jeandel et al., 1995; Tachikawa et al., 1999, 2003; Sidprogram should make possible. Our performance in simulat-
dall et al., 2008). This value is still consistent with the con- ing Nd concentration is also still limited by our models. In
servativity ofeng within the major oceanic water masses. All particular, the low concentration in the small particles field
together, these factors suggest that i) the Boundary Source g&mulated at depth by the PISCES model is very likely the
a major primordial source for Nd oceanic cycte95% of  cause for overestimated Nd concentration surface to depth
the global sources), ii) Boundary Scavenging, resulting fromgradients. This work also suggests that regarding the pa-
vertical cycling in margin areas, is a major sink (64% of the rameterization used and the particle distribution generated by
global sink), and iii) vertical cycling in the open ocean is es- the biogeochemical model, it is important to consider differ-
sential for the redistribution of Nd and its IC within the ocean ent kinds of particles, and especially their sinking velocity,
interior. While the two first points provide an explanation in setting the characteristics of the Nd isotopic distribution.
for the BE observed in field data, the three points provide aThis study can therefore be used as a basis for improving the
means to reconcile the “Nd paradox”. The first estimationrepresentation of the complexity of observed particle field
of the order of magnitude of the “missing flux” proposed by distribution in the model, such as considering a whole con-
Tachikawa et al. (2003) is confirmed by our model results.tinuous spectrum of particle size (Gehlen et al., 2006).
The reversible scavenging is also essential to explain the Nd The simulations performed strongly suggest that sedi-
nutrient-like profile in the water column and the water massment dissolution is the main Nd source to the oceanic reser-
tracer property of Nd IC, in agreement with recent REE mod-voir, with a flux of 1.1x 1019 g(Nd)/yr (95% of the total Nd
elling studies (Nozali and Alibo, 2003; Siddall et al., 2008; source), whereas the associated Boundary Scavenging pro-
Oka et al., 2008). cess represents up to 64% of the total Nd sink. Combi-
However, if Boundary Sources are found to explain thenation of these dominant source and sink at the margins
large Nd IC variation observed along the global thermohalineare consistent with the concept of Boundary Exchange de-
circulation, without a large Nd concentration change (due toduced from field observations. We suggest that the Bound-
the associated Boundary Scavenging, Fig. 11), the questioary source is likely the “missing source term” mentioned by
of why there is an apparent contradiction between conservaTachikawa et al. (2003) that could reconcile both Nd iso-
tive Nd IC and non conservative Nd concentrations remaingopic composition and concentration oceanic budgets. The
to be solved. This critical point should be addressed in anfact that this potential source has only been recently consid-
other dedicated study, so as to fully resolve the “Nd para-ered, despite the large amount of Nd available from solid
dox”. material from river discharge deposited on the continen-
tal margin, may be explained by the very small amount of
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