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[1] The oceanic distributions of 231Pa and 230Th are simulated with the global coupled biogeochemical-ocean
general circulation model NEMO-PISCES. These natural nonconservative tracers, which are removed from
the water column by reversible scavenging processes onto particles, have been used to studymodern and past
ocean circulation. Our model includes three different types of particles: particulate organic matter (POM),
calcium carbonate (CaCO3), and biogenic silica (BSi). It also considers two particle classes: small particles
(POM) that sink slowly (3 m/d) and large particles (POM, CaCO3, BSi) that sink much more rapidly (50 m/d
to 200 m/d) in the water column. 231Pa and 230Th are simulated with a reversible scavenging model that uses
partition coefficients between dissolved and particulate phases that depend on particle type and size. Model
results are then compared with 231Pa and 230Th observations in the water column and modern sediments.
A preliminary evaluation of the particle fields simulated by the PISCES model has revealed that particle
concentrations are reasonable at the surface but largely underestimated in the deep ocean. Largely to
compensate for this, we find it necessary to use partition coefficients that vary as a function of particle size
by significantly more that observed to obtain relatively realistic results. In the water column, 231Pa and
230Th fluxes are mainly controlled by the slowly sinking particles and partition coefficients need to be
parameterized as a function of particle flux, as suggested by observations. Considering discrepancies
between the modeling particle fields and those observed, we were forced to use exaggerated values for
partition coefficients in order to get realistic tracer distributions. These 231Pa and 230Th simulations have
provided an opportunity to propose some future developments of the PISCES model, in order to make
progress in the simulation of trace elements. Assigning calcium carbonate, biogenic silica, and
aluminosilicates to the small particle pool represents a credible approach to increase its concentration
and subsequently simulate realistic tracer distributions in the water column using reasonable values for the
partition coefficients, as well as a realistic fractionation in the sediments at all depths.
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1. Introduction

[2] The ocean has a great capacity to store and
transport heat, water, and radiatively active gases
around the globe and to exchange these with the
atmosphere. Accordingly, changes in ocean circu-
lation are now widely thought to be involved in past
climate change [Duplessy et al., 1988; Rahmstorf,
2002; Curry and Oppo, 2005]. Constraining the
past oceanic variability and understanding the
ocean carbon cycle and the role of the thermohaline
circulation in the regulation of the Earth’s climate
are necessary to improve our understanding of the
climate system. To address these questions, we
must be able to evaluate the role of ocean circula-
tion in transporting not only heat and salt but also
dissolved and particulate compounds that interact
with the marine carbon cycle (nutrients, dissolved
and particulate inorganic carbon, dissolved and
particulate organic carbon).

[3] In paleoceanography, reconstructions are per-
formed via the use of proxies that must be cali-
brated in the modern ocean. Each given proxy is
always sensitive to a different set of variables, and
reconstructions must exploit a multiproxy ap-
proach. For example, reconstructions of the past
thermohaline circulation requires the unraveling of
the effects of changing circulation and ocean
chemistry on proxies such as d13C [Charles and
Fairbanks, 1992] and Cd/Ca [Lea, 1995]. The
considerable analytical progress achieved during
the last decades now permits the use of noncon-
servative trace elements, such as 230Th and 231Pa,
for studying modern and past changes in ocean
circulation [McManus et al., 2004; Gherardi et al.,
2005] and biological productivity [Kumar et al.,
1993, 1995; Bradtmiller et al., 2007].

[4] 231Pa (32.5 ka half-life) and 230Th (75.2 ka half-
life) are natural radioisotopes produced in the ocean

bya decay of 235Uand 234U, respectively [Henderson
and Anderson, 2003]. Because the activity of U is
approximately uniform in the ocean, 231Pa and 230Th
are produced at a relatively constant rate (bPa= 2.33�
10�3 dpmm�3 a�1,bTh= 2.52� 10�2 dpmm�3 a�1)
with a production ratio (bPa/bTh) of 0.093 [Henderson
and Anderson, 2003]. They are both scavenged
rapidly onto marine particles that subsequently trans-
port them toward the sediment on a timescale of 20–
40 years for 230Th and of 80–200 years for 231Pa [Yu
et al., 1996]. When particulate transport balances in
situ production, the activity of 230Th and 231Pa
should increase approximately linearly with depth
[Bacon and Anderson, 1982; Roy-Barman et al.,
1996]. Therefore any deviations from the linear
profile indicate that ocean currents have transported
230Th and 231Pa away from their production sites
[Moran et al., 2001; Rutgers van der Loeff and
Berger, 1993]. Because 230Th has a low residence
time, most of its in situ production is exported
vertically by marine particles. Moored sediment
traps can then be calibrated by comparing the 230Thxs
inventories (‘‘230ThXS’’ represents the 230Th pro-
duced in seawater and scavenged by marine particles
as opposed to the 230Th carried by lithogenic par-
ticles) collected by traps with the in situ production
above the traps [Scholten et al., 2001]. Present ocean
transport can then be estimated by observing their
effect on dissolved 230Thxs and 231Paxs profiles
[Moran et al., 2002].

[5] Because 231Pa is less sensitive to particle
scavenging than 230Th, the 231Pa/230Th ratio in
oceanic sediments reflects the relative importance
of advection-diffusion and particle scavenging on
their transport and is therefore a potential means by
which to reconstruct past ocean circulation. Using
this tool, recent work suggests a complete shut
down of the NADW circulation during the H1
Heinrich event [McManus et al., 2004; Gherardi
et al., 2005]. Using 231Pa and 230Th to study

Geochemistry
Geophysics
Geosystems G

3
G

3
dutay et al.:

231
pa and 230

th modeling with nemo/pisces 10.1029/2008GC002291

2 of 26



modern and past ocean circulation requires better
understanding and constraints on the processes that
control their distribution. However, our knowledge
of the interactions between these tracers and ma-
rine particles remains limited and the detailed
processes driving 230Th and 231Pa behavior are
largely unknown. At present, there is still an open
debate concerning the phase(s) that carry 230Th and
231Pa in the oceans particulate matter [Luo and Ku,
1999; Chase et al., 2002; Luo and Ku, 2004; Chase
and Anderson, 2004; Roy-Barman et al., 2005;
Siddall et al., 2005]. For example, 230Th-based
trapping efficiencies as low as 10–30% clearly
demonstrate that Th-bearing phases can be under-
collected in certain conditions [Scholten et al.,
2001]. It is likely that 230Thxs is scavenged onto
fine particles before being transferred to large
rapidly sinking particles. A preferential undertrap-
ping of small slowly sinking particles produces a
loss of 230Thxs but may not affect rapidly sinking
aggregates carrying particulate organic matter
(POM) and CaCO3. In this case, POM and CaCO3

fluxes corrected for trapping efficiency are over-
estimated. On the other hand, if small particles are
packaged as fecal pellets or embedded in large
aggregates, the 230Th calibration is relevant for
POM and CaCO3.

[6] Numerical models offer a unique opportunity
to study the processes that control the oceanic
distribution of trace elements and their isotopes.
Models are also particularly important in separat-
ing and quantifying the different processes that
control the distribution of these elements and
isotopes. To study the cycle of such trace elements
models require several components: a dynamical
model to provide the advective and mixing pro-
cesses that redistribute the tracer within the ocean,
a biological model to generate the particle distri-
butions and fluxes that scavenge the tracers in the
ocean, and finally a scavenging model that simu-
lates the exchange of tracer between the dissolved
and particulate phases (adsorption, desorption,
remineralization, sinking). Thus far, few global
modeling studies have considered nonconservative
trace elements. 231Pa and 230Th have been simulated
in models of intermediate complexity (EMIC 2.5D)
[Marchal et al., 2000], (EMIC 3D) [Siddall et al.,
2005, 2007], and in the Hamburg Large-Scale
Geostrophic model [Henderson et al., 1999;
Heinze et al., 2006]. While these pioneer studies
undertook a wide variety of sensitivity tests to
examine the relative impacts of transport and
distinct particle affinities (e.g., for POM, CaCO3,
SiO2, dust) on the scavenging and fractionation of

231Pa and 230Th, such simplified models necessarily
underestimate the potential complexity of the sys-
tem. For instance, all of these simulation used an
annual average particle sinking velocity on the
order of 3 m/d, which is consistent with apparent
sinking velocities that are estimated from 230Th
observations [Krishnaswami et al., 1981; Bacon
and Anderson, 1982; Rutgers van der Loeff and
Berger, 1993; Scholten et al., 1995], while field
observations clearly indicate that some particles
sink with velocities that can be typically one or
two orders of magnitude higher [Berelson, 2001;
Stemmann et al., 2004; Venchiarutti et al., 2008].
Taking into account both rapidly and slowly sinking
particles is extremely important in accounting for
some features of Pa-Th fractionations that are
clearly inconsistent with a single class of small
sinking particles. For example, in the southern
sector of the Atlantic Ocean, large sinking particles
have a much higher 231Pa/230Th ratio than the deep
suspended particles [Walter et al., 2001]. While the
sediment 231Pa/230Th budget in this region is pri-
marily controlled by scavenging from the standing
stock of deep suspended particles, the contribution
of the large sinking particles to the Pa budget cannot
be neglected. In the southern sector of the Pacific
Ocean, the strong Pa flux to the sediment is not
associated with a depletion in dissolved 231Pa
throughout the entire water column [Chase et al.,
2003]. Instead, the strong Pa flux is due to 231Pa
scavenging in the surface waters by diatoms. Such a
process is clearly inconsistent with the simple
reversible exchange of the Bacon and Anderson
[1982] model. Furthermore, diatom-driven 231Pa/230Th
fractionation is also observed in the equatorial
Pacific [Chase et al., 2002; Bradtmiller et al.,
2007]. Variability in shallow versus deep scaveng-
ing has also been reported for Th [Coppola et al.,
2006] and Nd [Jeandel et al., 1995] isotopes.
Understanding scavenging processes is not only
important in modeling dissolved Pa and Th, it is a
means by which the relative role of small and large
particles in the transport of particulate material can
be determined as the depth of formation of the
particles can be traced through their isotopic sig-
nature [Coppola et al., 2006]. Differential scaveng-
ing is also of critical importance when using the
231Pa/230Th ratio in the sediment as paleocircula-
tion tracer in order to determine if the sediment
records whether the 231Pa/230Th of the bottom
water mass in areas where high advection sinking
particles pick up the advected Pa/Th signature or if
it integrates a signal over the whole water column
when the advection is low [Gherardi et al., 2005;
Thomas et al., 2006].
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[7] In this paper, 231Pa and 230Th distributions are
simulated for the first time with a coupled biogeo-
chemical/ocean general circulation model (OGCM).
The dynamical component is NEMO [Madec et al.,
1998], and the biogeochemical component is the
Pelagic Interactions Scheme for Carbon and Ecosy-
tem Studies (PISCES) model [Aumont and Bopp,
2006]. PISCES was developed initially to address
questions mainly regarding air-sea carbon fluxes
and marine ecosystem variability over interannual
to millennial timescales [Bopp et al., 2003].

[8] Using this complex biogeochemical model to
simulate the trace elements distribution is motivated
by the desire of a common tool for both carbon
cycle and trace elements research. Following this
joint approach reinforces the links between the two
communities and should provide future benefits for
both disciplines. Because PISCES is designed with
two size classes of particles with different sinking
velocities, we can address herein the role of fast-
sinking particles in shaping 231Pa and 230Th dis-
tributions. This was not possible in previous global
modeling studies, in which a unique settling ve-
locity for particles was used.

[9] This paper has two objectives: (1) using 231Pa
and 230Th simulations to provide an additional
evaluation of the particles fields generated by the
PISCES model and (2) using 231Pa and 230Th
simulations to acquire additional knowledge on
the links between these trace isotopes elements
and ocean circulation/particle dynamics in the past
and modern ocean.

2. Model Description and Observations

2.1. Physical Model

[10] The physical model is the Nucleus for Euro-
pean Modeling of the Ocean (NEMO) model,
which is based on the ORCA2 global configuration
of the ocean model OPA [Madec et al., 1998].
The nominal horizontal resolution is 2� by 2� �
cos(latitude), with a meridional resolution enhanced
to 0.5� near the equator. The mesh overcomes
singularities near the North Pole by getting two
inland poles on the northern hemisphere. The
model has 30 vertical layers increasing from 10 m
resolution at the surface to 500 m resolution at the
bottom. The upper boundary uses a free surface
formulation [Roullet and Madec, 2000]. The sur-
face mixed layer is modeled by a turbulent kinetic
energy (TKE) closure [Blanke and Delecluse,
1993]. Lateral diffusion is performed along local
isopycnal surfaces, and the eddy induced velocity

parameterization of Gent and McWilliams [1990] is
applied. The flow of deep water along bathymetry
is represented using the bottom boundary layer
(BBL) parameterization proposed by Beckmann
and Döscher [1997]. The model is coupled with
the dynamical-thermodynamical sea ice model
LIM (Louvain-la-Neuve sea-ice model) [Fichefet
and Morales Masqueda, 1997]. At the surface the
model is forced by fluxes of heat and freshwater
computed by means of bulk formulae [Timmermann
et al., 2005] and daily wind stress based on ERS
satellite for the Tropics and NCEP/NCAR near the
poles. Surface salinity is readjusted to the monthly
WA01 data set [Conkright et al., 2002] with a
timescale of 40 days to avoid model drift. The OPA
model is widely used in oceanic and climate
studies (http://www.lodyc.jussieu.fr/NEMO/general/
biblio_new/en/one/bibnemomaf01.html). The eval-
uation of its circulation with geochemical tracers
(CFCs, 14C, natural3He) during the Ocean Carbon
Model Intercomparison Project (OCMIP) demon-
strated that even though it has the classical default
associated with coarse resolution models (crude
representation of bottom water formation, sluggish
deep western boundary current (DWBC). . .),
it produces a reasonable thermohaline structure
that is completely acceptable to perform biogeo-
chemical studies with a global meridional over-
turning circulation (MOC) of 17.5 Sv for NADW
and 11.8 Sv for AABW [Dutay et al., 2002, 2004;
Matsumoto et al., 2004; Arsouze et al., 2007;
Doney et al., 2004].

2.2. Ocean Biogeochemical Model

[11] We use the Pelagic Interaction Scheme for
Carbon and Ecosystem Studies (PISCES) biogeo-
chemical model. The model simulates the biogeo-
chemical cycles of carbon, oxygen and five
nutrients (nitrate, ammonium, phosphate, silicate,
and iron) that can limit phytoplankton growth. Two
phytoplankton groups (nanophytoplankton and dia-
toms) and two zooplankton groups (microzoo-
plankton and mesozooplankton) are represented.
For all species, constant Redfield ratios are im-
posed for C/N/P. There are three nonliving com-
partments: semilabile dissolved organic carbon
(DOC) and small and large particles. The two
particle classes differ by their sinking velocities
and composition: The sinking velocity for small
particle (ws) is 3 m/d, while for large particles it
linearly increases between 50 m/d at the surface to
up to 300 m/d at the bottom of the ocean. Small
particles consist of particulate organic carbon
(POM), with a size between 2 and 100 mm. Their
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corresponding settling velocities (3 m/day) have
been estimated via a relation that represents the
sinking speed as a function of size, as proposed by
Kriest [2002]. The large particulate pool includes
particulate organic carbon (POMb), but also bio-
genic silica (BSi) and carbonate (CaCO3) that sink
faster due to their excess density that generates
higher settling rates according to the Stokes Law
[Gehlen et al., 2006]. The content of the particulate
pools is controlled by mortality, grazing, and
mineralization, and the two POC classes interact
via the processes of aggregation and disaggregation
(see Appendix A for more details). A detailed
description of the model including model equations
and parameterization is available as supplementary
material in the work of Aumont and Bopp [2006].
This simplified description of the marine particles
(particularly the small particle pool) gives a major
role to the particulate organic matter on the scav-
enging of dissolved radionuclide by the small

particle pool. This is consistent with recent advan-
ces on the thorium speciation that considers that
scavenging of dissolved Th is largely controlled by
organic compounds [Guo et al., 2002; Santschi et
al., 2006].

2.3. Reversible Scavenging Model

[12] The observed increase of dissolved and par-
ticulate 231Pa and 230Th activities with depth
implies a continuous and reversible exchange be-
tween the dissolved and particulate phase as the
particles sink through the water column [Bacon
and Anderson, 1982; Nozaki et al., 1981]. For our
simulations, we have followed the approach pro-
posed by Henderson et al. [1999] and Siddall et al.
[2005], which considers that the partition between
dissolved and particulate phase is in equilibrium, as
suggested by observations [Bacon and Anderson,
1982;Moore and Hunter, 1985; Roy-Barman et al.,
1996]. In this approach the ratio between dissolved
(Ad) and particulate (Ap) activities is set by equi-
librium partition coefficients, Kd, defined as:

K i
d ¼

Ai
p

Ai
dCp

where Cp is the mass of particle per mass of water,
and superscript ‘‘i’’ refers to the type of particle, i.e.,

particulate organic carbon (POMs, POMb), bio-
genic silica (BSi), and calcite (CaCO3). The
lithogenic contribution (dust) is neglected in our
simulations.

[13] The total activities of the tracers AT = Ad + Ap

are transported in the model following the conti-
nuity equation:

@Ai
T

@t
¼ bi � liAi

T �
@ wsA

i
poms

� �

@z
�
@ wbA

i
pb

� �

@z
þ Advection� Diffusion½ � Ai

T

� �

where b is the production rate, l is the radioactive
decay, and APOMs and Apb represent respectively
activities for small particle (POMs) and the large
particle pool (POMb, BSi, CaCO3). These latter
quantities are diagnosed from the total and dissolved
activities using the partition coefficient:

AT ¼ Apocs þ Apb þ Ad ¼ KDpomsCpoms þ KDpombCpomb þ KDCaCO3
CCaCO3

þ KDBSiCBSi þ 1
� �

:Ad

Apoms ¼
KDpomsCpoms

KDpomsCpoms þ KDpombCpomb þ KDCaCO3
CCaCO3

þ KDBSiCBSi þ 1
� �AT

Apb ¼
KpombCpomb þ KCaCO3

CCaCO3
þ KbSiCBSi

KDpomsCpoms þ KDpombCpomb þ KDCaCO3
CCaCO3

þ KDBSiCBSi þ 1
� �AT

This approach confers a great advantage in that
only two tracers are transported in our simulations
(total activities of 231Pa and 230Th). Moreover the
simulations are performed ‘‘off-line’’ using seaso-
nal fields of the three velocity components, mixing
coefficients and particle concentration for each
particle type previously calculated with the model
NEMO-PISCES. This overall method requires
considerably lower computational cost which
allowed us to simulate 231Pa and 230Th with an
OGCM and to perform some sensitivity tests on the
values of the partition coefficients.

[14] The values of the partition coefficients for 231Pa
and 230Th as a function of particle type are weakly
constrained by observations, and an uncertainty of at
least one order of magnitude remains. Moreover, the
debate regarding the nature of the phase that scav-
enges these tracers in the ocean remains active [Luo
and Ku, 1999;Chase et al., 2002; Luo andKu, 2004;
Chase and Anderson, 2004; Roy-Barman et al.,
2005; Li, 2005; Siddall et al., 2005]. Taking into
account the limited number of simulations that can
be performed with our model, we have used insights
gained from previousmodeling studies to design our
experiments. We have performed five simulations
with different sets of partition coefficients (Table 1).
The first experiment (Exp 1) makes use of the
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partition coefficients based on Chase et al. [2004]
that were used in the standard simulation of Siddall
et al. [2005]. It has identical values for 231Pa and
230Th for particulate organic carbon (POMb,
POMs), but introduces a large fractionation between
Th and Pa for carbonate (a factor 40), whereas the
partition coefficient for 230Th is slightly less than for
231Pa (a factor 3) for opal, as suggested by Chase et
al. [2004]. The strategy for defining the partition
coefficients of the other experiments relied on
observations, as well as the understanding gained
from our sensitivity experiments. Exp 2 has partition
coefficients that vary with both particle composition
and particle flux, with higher Kd values for the small
particles and lower values for large rapidly sinking
particles, as suggested by Chase et al. [2004]. Exp 3
has the same partition coefficient as Exp 2 but
includes a Kd that varies with the particle mass for
small particles as suggested by Honeyman et al.
[1988] and tested in a model by Henderson et al.
[1999]. Exp 4 and 5 are sensitivity tests around
experiment 2, where the value of the Kd are reduced
on BSi for 230Th(exp4) and on POM for 231Pa (exp 5).

2.4. Observations

[15] Water column data of dissolved, particulate,
and total (unfiltered) 230Th and 231Pa known to us
were compiled. We included published [Marchal
et al., 2007] and unpublished water column data
from R. Francois. For the sediments, we used
the Holocene 231Pa/230Th data set compiled by
G. Henderson (http://www.earth.ox.ac.uk/%7Egideonh/
index.html).

3. Results and Discussion

3.1. Distributions of Particles

[16] We first provide a description and evaluation
of the particle fields generated by the OPA-PISCES
model in order to facilitate the interpretation of the

tracers’ simulations. A comparison of the vertical
fluxes predicted by this model with sediment traps
data can be found in the work of Gehlen et al.
[2006]. This comparison reveals that OPA-PISCES
model predicts a wider spread in POM fluxes
between 1000 and 2000 m than is present in the
data set, with a tendency toward overestimation.
Modeled deep-water fluxes are of the right order of
magnitude, although the modeled variability below
3800 m is underestimated. However, in modeling
reactive species such as Pa and Th, not only is the
particles flux important, but the standing stock of
particle mass in the oceans is also an essential
factor. The annually averaged surface distribution
of particle concentrations generated by the PISCES
model is shown in Figure 1. The surface total
concentration of particles is dominated by small
particles. All types of particles show maximum
concentrations in the regions of high productivity:
the high latitudes, the equatorial Pacific Ocean, or
coastal upwelling regions such as along the eastern
boundary of the South Pacific and south Atlantic
Oceans. The highest surface concentrations are
obtained for small particles (POMs), which also
exhibit the weakest spatial gradients. For large
particles, surface concentrations tend to be at least
one order of magnitude lower than those simulated
for small particles, except for BSi in the Southern
Ocean. For large particles, the spatial gradients are
more pronounced, with lower relative values in the
regions of low productivity (subtropical gyres).
The global zonally averaged concentration of par-
ticles as a function of depth (Figure 2) allows us to
analyze the vertical structure of particle distribu-
tions, which is an important factor controlling the
downward flux of particle reactive elements in the
oceans. The small particle (POMs) distribution
exhibits the most pronounced decrease with depth
(up to 3 orders of magnitude), due to rapid remi-
neralization and aggregation. All types of large
particles display more moderate vertical variations

Table 1. Description of the Simulationsa

Exp.1 Exp. 2 Exp. 3 Exp. 4 Exp. 5

K(POMs) Pa 1.e + 7 1.e + 9 1.e + 9 * F (Cp) 1.e + 9 2.e + 8
K(POMs) Th 1.e + 7 1.e + 9 1.e + 9 * F(Cp) 1.e + 9 1.e + 9
K(POMb) Pa 1.e + 7 1.e + 6 1.e + 6 1.e + 6 1.e + 6
K(POMb) Th 1.e + 7 1.e + 6 1.e + 6 1.e + 6 1.e + 6
K(BSi) Pa 0.17.e + 7 0.17.e + 7 0.17.e + 7 0.17.e + 7 0.17.e + 7
K(BSi) Th 0.05.e + 7 0.05.e + 7 0.05.e + 7 0.005.e + 7 0.05.e + 7
K(CaCO3) Pa 0.025e + 7 0.025e + 7 0.025e + 7 0.025e + 7 0.025e + 7
K(CaCO3) Th 1.e + 7 1.e + 7 1.e + 7 1.e + 7 1.e + 7

a
Exp. is experiment. F (Cp) = EXP ((�4./9.) � log(Cp) is a function representing covariation of Kd with particle concentration estimated from

Honeyman et al. [1988].
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Figure 1
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with depth (only one order of magnitude). It is
noteworthy that for BSi the Southern Ocean sur-
face maxima extends far deeper in the ocean than
for other particle types.

[17] We have made an attempt to evaluate the
particle fields simulated by the PISCES model
with observations. Although the very limited num-
ber of available observations of particles at the
global scale makes this comparison difficult, sev-
eral aspects can be assessed. The total particle
concentrations of the model can be compared with
the measurements performed along the Western
Atlantic GEOSECS section [Brewer et al., 1980]
(Figure 3a) and estimates based on nephelometry
[Biscaye and Eittreim, 1977] (Figure 3b). This
comparison reveals that the total particle concen-
trations are realistically simulated at the surface of
the ocean where values agree reasonably well with
observations (Figure 3a). At middle water depths
(2–3 km), observations indicate lower particle
concentrations in the subtropical gyre than at the
equator and at high latitudes (Figure 3b). This
contrast is also correctly simulated in the model
(Figure 2), although concentrations tend to be
slightly underestimated at these depths. However,
the simulated total particle concentrations in the
deep ocean (Figure 2) are too low, relative to
observations (Figure 3a), which likely also results
from the absence (in our model) of aluminosilicate
particles, whose concentration is not negligible
[Spencer, 1984]. Satellite-derived estimates of
POC concentration generated from CZCS particu-
late backscattering coefficient [Loisel et al., 2002]
offers the opportunity to evaluate the spatial struc-
ture of POM surface concentrations (Figure 3c).
The simulated surface concentrations of POM
(mainly small particles in our model) appear real-
istic compared to the observations for both the
spatial structure and the order of magnitude. The
only major salient deviation from the observations
is found in the Equatorial Pacific Ocean, where the
model tends to overestimate the POM concentra-
tions. POM observations at station Papa [Boyd et
al., 1999] indicate that the ratio of small versus
large particles in surface concentrations (a factor
10) simulated in the model (also a factor 10) is
reasonable. However, the vertical structure of sim-
ulated POM reveals a serious shortcoming: Al-
though the modeled POM concentration exhibits

realistic values at the surface, its vertical gradient
between the surface and the bottom of the ocean
(3 order of magnitude) is exaggerated (a factor 50
is present in the observations [Druffel et al., 1992;
Sherrell et al., 1998]). The POM concentrations are
then too low at the bottom of the ocean in our
simulations. In our model BSi represents a large
contribution to total particle concentrations in the
deep Southern Ocean (Figure 2). BSi observations
in the Southern Ocean [Tréguer et al., 1990]
support the vertical structure simulated by the
model, especially in the subsurface where obser-
vations indicate a moderate decrease in concentra-
tions with depth. In the PISCES model, CaCO3 has
globally lower concentrations than other types of
particles (Figures 1 and 2). This appears to be
realistic when compared with observations in the
Pacific ocean performed by large-volume in situ
filtration [Sherrell et al., 1998], which shows
CaCO3 concentrations in the water column that
are similar to our simulated values.

3.2. Distributions of 231Pa and 230Th

3.2.1. Atlantic Ocean

[18] We first present the results in the Atlantic
basin where the number of available observations
is the greatest. Figures 4 and 5show the results of
the simulations in the Atlantic basin for both
dissolved (Ad) and total particulate (small plus
large particle, Ap = APOMs + Apb) phases for
230Th and 231Pa, respectively. Model results are
presented as zonal averages and the observations
are superimposed (circle) on the meridional sec-
tion. In general, the performances of the simula-
tions are similar for 231Pa and 230Th. Exp 1
succeeds in producing a realistic range of values
for dissolved activities of the tracers. However,
particulate phase concentrations differ drastically
from observations, with tracer activities that are
two orders of magnitude too low. These results
differ from those obtained by Siddall et al. [2005]
who succeeded in producing more acceptable
results with the same coefficient set. This differ-
ence arises because in the simulation of Siddall et
al. [2005] all particle types sink slowly and uni-
formly (3 m/d), whereas in our model we include a
pool of large particles that sink very rapidly. In our
first simulation (Exp 1), the more rapidly sinking
large particles scavenge the tracer toward the

Figure 1. Particle concentration from the PISCES model at the ocean surface. (a) Total particle concentrations,
(b) small particles organic carbon concentrations (POMs), (c) large particles organic carbon concentrations (POMb),
(d) calcium carbonate concentrations (CaCO3), and (e) biogenic silica concentrations (BSi). Units are mg/m3.
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Figure 2. Global zonal averaged of particle concentration. (a) Total particle concentrations, (b) small particles
organic carbon concentrations (POMs), (c) large particles organic carbon concentrations (POMb), (d) calcium
carbonate concentrations (CaCO3), and (e) biogenic silica concentrations (BSi). Units are mg/m3.
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Figure 3
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sediment more efficiently such that globally, the
water column particulate tracer concentration is too
depleted.

[19] These results can be explained in more details
by looking at the global budget of 231Pa and 230Th.
At equilibrium, the production and radioactive
decay of the tracer in the water column must be
equal to the sedimentation flux at the bottom of the
ocean:

Z

Volume

b � l AD þ APð Þ½ �dv ¼

Z

bottom

�wAp

� �

ds

Neglecting the radioactive decay as regards the
production rate, and taking averaged value for the
second term, this equation gives the following
relationship:

bzoc ¼ �wAP;

where

wAp ¼
1

S

Z

wApdS

where zoc corresponds to an averaged ocean depth
(4000 m). Because Ap (

230Th) and Ap(
231Pa) have

typical values of the order of 0.1 dpm m�3 and
0.01 dpm m�3 at the bottom of the ocean,
respectively (Figures 4 and 5), this implies an
average sinking velocity of the order of 1000 m/a
(or 3 m/d) for both tracers. However, with the two
particle classes, the averaged sinking rate in the
model (of the order of few 10000 m/a [Gehlen et
al., 2006]) may be largely overestimated. This
sinking velocity of 1000 m/a matches the sinking
velocity of the small particles pool in our model,
indicating that the flux to the sediments may have
to be controlled by the flux of small particles in
order to simulate realistic tracer values. Assuming
that the ratio Ap/Ad is of the order of 1/10 in the
ocean for both tracers (Figures 4 and 5), and that
the POM concentration is of the order of 10�8 g/l
in the deep ocean (Figure 2), gives a value for Kd
of the order of 109 for small particles (POM).

[20] Consider then a second simulation wherein the
partition coefficient for the small particles is in-
creased to 109. This appears larger than Kd values
for particulate organic carbon observed in the

ocean, which are in general ranking between 107

and 108. However, these estimates stand for the
total concentration of POM. Consequently, as our
model that discriminates between small and large
particles, we have reduced the value of the Kd for
large particle (POMb) (Kd = 106) for this second
simulation, in order to maintain an average Kd for
total particulate organic carbon (POMs + POMb)
that is in agreement with the observations. It is
consistent with the observations of Chase et al.
[2004] that show partition coefficients dependent
on the intensity of particle flux, with Kd values
decreasing when particle flux increases. Moreover,
Scholten et al. [2005] found a negative correlation
between 230Th concentrations and particle fluxes.
This feature is also compatible with the constant
flux model of Osmond [1979] where the tracer
concentration is inversely proportional to the par-
ticle flux. This configuration is consistent with the
hypothesis that most (if not all) 230Th present in
trapped particles is in fact carried by small particles
aggregated to coarse ones [Roy-Barman et al.,
2005]. This is supported by the Kd of Th, which
varies by more than an order of magnitude due to
the dilution of Th-rich small particles in large
aggregates [Chase et al., 2002; Roy-Barman et
al., 2005]. Therefore, the Kd of the fine particles
must be at least one order of magnitude higher than
the Kd of coarse particles for two reasons: First,
most 230Th-rich trapped particles are not simply
made of aggregated fine particles (they contain
foraminifera, fecal pellets, and marine snow which
all are coarse particles). Second, in the trapped
particles with the lowest 230Th concentrations, the
230Th may be carried by small particles aggregated
to the coarse ones [Roy-Barman et al., 2005].

[21] For example, most Kd Th values measured by
Chase et al. [2002] range from 105 to 107 g/ml,
whereas Kd Th measured directly on suspended
particles are in the 2–5 � 107 g/ml range [Bacon
and Anderson, 1982; Bacon et al., 1989; Trimble et
al., 2004]. However, a 1000 fold difference in the
Kd for fine versus coarse particles appears to be
overestimated compared to the prediction from the
observations. For instance, a factor 3 or 4 is
observed on the 231Pa and 230Th concentrations
between the small particles collected by in situ
filtration and large particles collected by sediment
traps in the equatorial Atlantic [Anderson et al.,

Figure 3. (a) Particle concentrations measured along the W. Atlantic GEOSECS section [Brewer et al., 1976] in
units of mg/kg. (b) Particle concentrations at middepth in the water column (2–3 km) based on nephelometry [Biscaye
and Eittreim, 1977]. (c) Satellite-derived estimation of POM generated from CZCS particulate backscattering
coefficient (H. Loisel et al., personal communication, 2002).

11 of 26

Geochemistry
Geophysics
Geosystems G

3
G

3
dutay et al.:

231
pa and 230

th modeling with nemo/pisces 10.1029/2008GC002291



Figure 4. Simulated zonal dissolved and particulate distributions of 230Th in the Atlantic Ocean. Observations are
represented by the circles. Units are dpm/m3.
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Figure 5. Simulated zonal dissolved and particulate distributions of 231Pa in the Atlantic Ocean. Observations are
represented by the circles. Units are dpm/m3.
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1983], and a factor 50 is estimated for the variation
of the Kd as a function of the particle flux [Chase
et al., 2002]. But the very low concentrations of
small particles simulated at the bottom of the ocean
in the PISCES model drives the use of such a large
coefficient for the small particles. Such large
changes in the values of the partition coefficients
result in noticeable improvements during Exp 2.
The activities in the dissolved phase remain real-
istic, but for both 231Pa and 230Th, the activities
simulated in the particulate phase increased to
values more compatible with the observations
(Figure 4).

[22] However, a considerable shortcoming still
remains in the modeled vertical profiles. In general,
the simulated vertical structure exhibits a salient
maximum at the bottom of the ocean, which
compensates for a relative depletion of the tracer
at shallower depths in the water column, compared
to the more uniform vertical distribution seen in the
observations. This shortcoming also existed in the
simulations performed by Siddall et al. [2005], but
not in the work of Henderson et al. [1999] who
used a parameterization of the partition coefficient
as a function of the mass of particles. This unreal-
istic accumulation of tracers near the bottom of the
ocean may give the impression that scavenging is
too rapid in the water column and too low at the
bottom. We have investigated this aspect in more
detail via sensitivity tests performed on the parti-
tion coefficients of the rapid sinking particles (not
shown). Changing the values of the partition coef-
ficients on the rapidly sinking particles in our
model does not improve the shape of the vertical
profiles as this shape is mainly controlled by the
flux of small particles. Because the decrease in the
concentration of small particles with depth is over-
estimated in our model (see section 3.1), the tracers
tend to accumulate in the dissolved phase at the
bottom of the ocean. Compensating for this effect,
we therefore tested the parameterization used by
Henderson et al. [1999], where Kd vary with the
logarithm of particle concentration [Honeyman et
al., 1988] and implemented this for the small
particles in our model (Table 1, Exp 3). Because
small particles have a uniform sinking velocity in
the model, this parameterization can also be inter-
preted as though the partition coefficient varies as a
function of particle flux (as suggested by Chase et
al. [2004]). Considering the range in the concen-
tration of small particles simulated in our model
(Figure 2), this parameterization can generate var-
iations of Kd of two orders of magnitude in the water
column. As the concentration of POM decreases

with depth (Figure 2), this parameterization gen-
erates lower Kd with more realistic values of the
order of 108 near the surface, and higher Kd that
reduces the dissolved tracer concentration at the
bottom of the ocean. Therefore, it generates more
uniform profiles in the water column in agreement
with the observations (Figures 3 and 4). On the
other hand, the activities of the tracer are increased
in the particulate phase, which is evidently an
improvement for 230Th, but is less convincing for
231Pa due to the disparity in the observations. The
parameterization also tends to generate a global
reduction in the total concentration of the tracers in
the water column that is not satisfactory. This
feature could be improved by changing the refer-
ence value of Kd; however, the goal of this paper
is not to provide a calibration of the partition
coefficient but to show the impact of different Kd
values.

[23] We now show results from two other sensitiv-
ity tests (Exp 4 and Exp 5), which were performed
to examine a particular aspect of the tracer distri-
bution. They accentuate the contrast in the affini-
ties of 231Pa and 230Th for particles (Table 1),
which will be particularly relevant in considering
the 231Pa/230Th ratio in the flux to the sediment. In
the previous simulations, the largest discrepancies
between the model and the observations for dis-
solved 230Th were found in the Southern Ocean
(Figure 4), where simulated 230Th activities were
remarkably low. In our model this sector is char-
acterized by high concentrations of BSi that extend
deep in the ocean (Figure 2). In Exp 4 we attemp-
ted to improve the simulated 230Th distribution by
reducing its partition coefficient for BSi by a factor
of 10 (see Table 1). The realism of this configura-
tion is supported by the results of Chase et al.
[2002], showing that the relative affinity of 230Th
for BSi decreases compared to 231Pa when the
percentage of opal is increasing (see Figure 2 in
the work of Chase et al. [2002]). This configura-
tion provides a noticeable improvement in the
Southern Ocean where the simulated dissolved
activity of 230Th is elevated, although this activity
remains too low compared to the observation.
Thus, decreasing the affinity of 230Th for BSi
would lead to an improvement of the simulation,
but it would also generate a very low partition
coefficient, relative to observational estimates.

[24] In comparison with 230Th, the dissolved 231Pa
appears more depleted globally relative to the
observations (Figures 4 and 5). This feature sug-
gests that the partition coefficients for 231Pa are too
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large. In Exp 5, we reduce the partition coefficient
of 231Pa for small particles (POM) by a factor 5
(Table 1). This approach is supported by many
observationally based estimates, which indicate a
lesser partition coefficient for 231Pa than for 230Th
for POM [Luo and Ku, 1999; Chase et al., 2002;
Chase and Anderson, 2004; Luo and Ku, 2004].
The reduction in the partition coefficient on small
particles for 231Pa greatly improves the simulated
distribution in dissolved phase for the Atlantic
Ocean (Figure 5). However, the results for the
particulate phase of 231Pa appear less clear. Model
results are improved in the tropical Atlantic Ocean,
when compared to the unique profile available in
this region, but in the south the disparity present in
the observations does not allow us to discern this
unambiguously.

[25] In order to provide a more quantitative evalua-
tion of the simulations, we have performed linear
regressions between model and observations for
231Pa and 230Th (Figure 6 and 7). These plots show
a large scatter betweenmodel and observations for all
experiments. The values of the slope of the linear
regressions represent an indicator of the ability of the
model to simulate the tracer distribution. The plots
particularly illustrate the improvement for the mod-
eled 230Th distribution when the partition coefficient
of POMs is parameterized as a function of themass of
particles: the slope of the linear regression changes
from 1.72 to 1.08 for the dissolved phase and from
0.29 to 0.61 for the particulate phase, between Exp 2
and Exp 3 (Figure 6). However, this diagnostic also
reveals worse performances for 231Pa simulations, in
which the slopes of the linear regressions remain too
low (Figure 7). This is especially the case for the
particulate phase of 231Pa, where the number of
observations is small, and the model fails to repro-
duce the high values observed in the Southern Ocean
(Figure 5). The improvement between Exp 2 and Exp
3 in the simulation of 231Pa is less evident than for
230Th, because the value of the slope increases for the
particulate phase, but declines for the dissolved
phase. However, reducing the value of the partition
coefficient for POMs greatly improves the correspon-
dence between the model and observations for the
dissolved phase, with a slope that increases from 0.30
in exp 2 to 0.75 in Exp 5. However, our systematic
underestimation of 231Pa concentration in the partic-
ulate phase is exacerbated.

3.2.2. Pacific and Indian Oceans

[26] In comparison with the Atlantic Ocean, there
is, at present, considerably less 231Pa and 230Th
data available in the Pacific and Indian Oceans for

comparison with our simulations. For this reason, it
is not always possible to assess both the simulated
dissolved and particulate phases of the tracers as
performed for the Atlantic Ocean in section 3.2.1.
In the Pacific Ocean, 230Th observations are available
for the dissolved and particulate phases (Figure 8),
but due to the limited number of 231Pa observations
for particles, the simulations are compared with
measurements of dissolved and total 231Pa, for which
observations are more numerous (Figure 9). In the
Indian Ocean, the even more limited number of
observations forces us to consider the total concen-
trations of the two tracers (Figure 10).

[27] The evaluation of the different simulations in
the Pacific and Indian Oceans results in similar
conclusions as for the Atlantic Ocean. For instance,
in the Pacific Ocean, we recover similar perform-
ances of the different simulations in producing a
realistic range of values for both the dissolved and
particulate phases of 230Th (Figure 8). In particular,
indentical partition coefficients for the small and
large POM (Exp 1), results in unrealistically low
tracer activities in the particulate phase, while for
the experiments with higher values of the partition
coefficients for small particles (Exp 2, 3, 4, and 5),
the results become more realistic (Figure 8). More-
over, the general trends observed in the sensitivity
tests in the Atlantic are also found in the Pacific
and Indian Oceans. More specifically, reducing the
partition coefficients of POM for 231Pa (Exp 5)
produces higher total activities, in better agreement
with the observations, and reducing the partition
coefficients of BSi for 230Th (Exp 4) improves the
results in every sector of the Southern Ocean. Due
to the different oceanic residence times of 231Pa
and 230Th, an interesting contrast between the two
tracers is observed in the Indian Ocean. 230Th
measurements show an increase in concentration
with depth, although 231Pa measurements exhibit a
maxima at around 2500 m depth. This represents a
water mass originating from the South Atlantic
Ocean, having a distinct signature relative to the
water masses originating from the Antarctic Cir-
cumpolar Current (ACC) that are more depleted
due to the efficient scavenging by BSi [Thomas et
al., 2006]. However, our model fails to correctly
reproduce this observed feature in the 231Pa pro-
files. This is because the simulations performed
with the coarse horizontal resolution (2� � 2�)
results in an overestimation of the Indian Ocean
ventilation from the ACC [Lachkar et al., 2007],
which prevents us reproducing the observed South
Atlantic 231Pa concentrations.
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Figure 8. Simulated zonal dissolved and particulate distributions of 230Th in the Pacific Ocean. Observations are
represented by the circles. Units are dpm/m3.
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Figure 9. Simulated zonal dissolved and total distributions of 231Pa in the Pacific Ocean. Observations are represented by
the circles. Units are dpm/m3.
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Figure 10. Simulated zonal distributions of total 230Th and 231Pa in the Indian Ocean. Observations are represented by the
circles. Units are dpm/m3.
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3.3. 231Pa/230Th Ratio in the Flux to
the Sediment

[28] We now assess the 231Pa/230Th ratio in the flux
to the sediments, which is of special interest for
paleoclimatologic studies. Figure 11 shows the
simulated distribution of the 231Pa/230Th ratio in
the total flux of particles to the sediment (small
plus large particles) for the four experiments that
provide the most realistic results in the water
column (Exp 2, 3, 4, and 5). Observations (circles)
are superimposed onto model results. Observations
indicate a 231Pa/230Th ratio above the production
rates (0.093) in the eastern equatorial Pacific Ocean
where productivity is high (Figure 1), and in the
Southern Ocean where removal of 231Pa is efficient
(due to the large flux of BSi in this region; Figures
1 and 2). Coastal regions are also generally asso-
ciated with a ratio greater than the production rate.
It reflects the concept of ‘‘boundary scavenging’’
[Anderson et al., 1983], with higher 231Pa/230Th
ratios near continental margins where the particule
flux is high and lower ratios in the open ocean
where the particle flux is lower.

[29] Exp 2 produces a distribution of the 231Pa/230Th
sediment flux ratio that differs in some aspects
from the observations. The higher 231Pa/230Th ratio
in the Southern Ocean and eastern equatorial
Pacific Ocean are qualitatively represented, but
the simulation tends to systematically overestimate
the values in the regions of low productivity, where
the observed ratio is below the production rate.
This characteristic appears to arise because the
flux is globally controlled by small particles (see
section 3.2.1), with identical values of the partition
coefficient for the two tracers. This leads to a
similar residence time for the two tracers in the
water column that does not permit the particle flux
to generate a realistic contrast between the two
tracers in the sediment flux. This feature is exac-
erbated in Exp 3, where the parameterization of the
partition coefficient as a function of the mass of
small particles acts to increase the relative contri-
bution of small particles at the bottom of the ocean
and subsequently in the sediment flux. We also
observe higher ratios near regions where the water
depth is relatively shallow, such as the Mid-Atlan-
tic Ridge (MAR). This feature appears in our
simulations because the low 231Pa/230Th ratios
are mainly generated by the difference in affinity
for the two tracers in the large particle pool (KdBsi
is larger for 231Pa than 230Th, and Kdcaco3 is larger
for 230Th than for 231Pa; see Table 1). The imprint
of the pool of large particles on the 231Pa/230Th

ratio becomes more noticeable in the particle flux
at depth because their settling rate increases (see
section 2.2). The performance changes only mod-
erately in Exp 4, where the contrast between the
two tracers is enhanced in the pool of large
particles for Bsi. The main difference is higher
values of the 231Pa/230Th ratio in the Southern
Ocean, but the general shortcomings persist as
the flux is controlled by the small particles. Nev-
ertheless, a considerable improvement is obtained
in Exp 5 where a fractionation is introduced for the
small particles of particulate organic carbon
(POMs). This simulation provides a more realistic
representation of 231Pa/230Th ratio, especially for
the values below the production ratio. We also
observe a general extension of the regions with a
ratio larger than the production ratio at the high
latitudes in this simulation.

4. Conclusions

[30] We have simulated 231Pa and 230Th distribu-
tions with a general circulation model (NEMO)
that is coupled to a biogeochemical model (PI-
SCES). The major discrepancies in our simulation
are due to the performance of the PISCES model.
The PISCES model was developed for carbon and
ecosystem studies and is used here for the first time
to simulate the distribution of nonconservative
geochemical tracers. Because the model was not
originally designed for this objective, we have
found significant difficulties (particle concentra-
tions, tracers’ vertical profiles, partition coefficient
values . . .). This analysis is an opportunity to
provide an additional evaluation of the particle
fields simulated by the PISCES model and to
consider possible improvements in order that this
model better simulates trace elements distributions.
The model considers two categories of particles
with different sinking velocities, namely, small
particles (POMs) that sink slowly (3 m/d) and large
particles (POMb, CaCO3, BSi) that sink more
rapidly (50–200 m/d) and simulated carbon fluxes
compare reasonably well with sediment trap obser-
vations [Gehlen et al., 2006]. A comparison with
the few existing observations of particle concen-
tration revealed that PISCES simulates globally
realistic particle concentrations at the surface of
the ocean but largely underestimates in the deep
ocean. Moreover, the 231Pa and 230Th simulations
are more realistic when tracer fluxes are controlled
by the pool of small particles. The very low
concentration of small particles simulated in the
deep ocean with the PISCES model have driven us
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to employ exaggerated large partition coefficients
for fine particles in order to generate realistic tracer
distributions. Some improvements in the PISCES
model, which cannot be tested in this preliminary
analysis, are necessary in order to improve trace
element simulations. To increase the concentration
of small particles in the deep ocean, several sug-
gestions can be considered: modifications of both
the dissolution/remineralization rates and sinking
speeds should permit changing particle concentra-
tions without modifying fluxes; introducing BSi,
CaCO3, aluminosilicates particles, and possibly
Mn oxides into the small particle pool or an
additional pool of refractory particles that sink
without remineralizing would also tend to increase
the particle concentrations in the deep ocean. These
improvements will be useful not only for the Pa-Th
modeling, but will also improve simulation of other
particle reactive metals (Nd, Fe) already present in
the model. More generally, it is also possible to
improve the parameterization of other important
processes, such as ballasting.

[31] The second objective of this study was to use
the numerical model to improve our knowledge
regarding the processes that control the distribu-
tions of trace elements. Previous studies, with
simple box models, have already demonstrated
the importance of using scavenging models that
include two particle classes (small and large)
[Clegg and Witfield, 1991; Thomas et al., 2006].
We have included such details in a more complex
general circulation model via a rather rudimentary
representation (‘‘reversible scavenging model’’).
Some inconsistencies in the particle fields forced
us to use unrealistically high values for the small
particle partition coefficient in order to obtain more
realistic tracer distributions. However, some large
deviations between the observations and our sim-
ulations remain. It therefore appears difficult to
derive some definitive conclusions upon the be-
havior the trace elements in the ocean from these
simulations. Nevertheless, some important features
that found support with observations can be men-
tioned for further assessment in future studies. In
particular, distinct partition coefficients for small
and large particles are necessary to obtain realistic
results. This aspect is supported by observations
that reveal a negative correlation between concen-
tration and particle flux [Chase and Anderson,
2004; Scholten et al., 2005]. In addition, model
results are improved when a reduced partition
coefficient for POM is applied for 231Pa, relative
to 230Th. The improvement is not only noticeable

in the water column, where total 231Pa concentra-
tions are increased, but also for the sediment flux,
where it appears to generate the contrast in
231Pa/230Th ratios between the region of low and
high productivity that is observed at the global
scale. This difference in the affinity for 231Pa and
230Th of POM is supported by the observations
[Chase et al., 2002; Luo and Ku, 2004; Roy-
Barman et al., 2005]. Such a difference was
considered in the model of Marchal et al. [2000]
but ignored in the simulation of Siddall et al.
[2005], where it had no obvious consequence in
their simulation of the 231Pa/230Th ratio in the
sediment because all particle types had the same
sinking velocity. However, including BSi and
CaCO3 in the small particle pool represents another
means by which to better represent the fraction-
ation between the two trace elements. This devel-
opment would also help to better simulate the
231Pa/230Th ratio at middle water depths, where
the signal simulated in the model is mainly con-
trolled by the flux of small particles.

[32] This preliminary study has highlighted some
difficulties encountered when using two particle
size classes to model Pa/Th, even though this
remains a simplification when considering the
complexity present in the observations [Kriest
and Evans, 1999]. We have proposed some future
model developments that would likely improve
future simulations. This study also represents a
basis for introducing even more refinement in the
model, such as considering particle sinking veloc-
ities calculated as a function of particle size and
particle number [Kriest and Evans, 1999; Gehlen et
al., 2006], which would represent a better basis
upon which to represent the scavenging of tracers.

Appendix A: Dynamics of Particles
in the PISCES Model

[33] The PISCES model has two particle classes.
Small particles consist of particulate organic car-
bon (POMs) sinking with a constant velocity of 3
m/d. The large particles pool contains particulate
organic carbon (POMb), calcite (CaC03), and bio-
genic silica (BSi) with a settling velocity (wb) that
increases with depth, as shown by Berelson [2001].

wb ¼ wmin þ wmax � wminð Þmax 0;
z� zm

2000

� �

where wmin is the minimum sinking speed, 50 m/d;
wmax is the maximum sinking, 200 m/d; and zm is
the mixed layer depth.
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[34] The two POM size classes POMs (small) and
POMb (big) are fueled by mortality of nanophyto-
plankton and diatoms, fecal pellet production,
grazing, and aggregation between DOC, POMs,
and POMb. The aggregation term between the two
classes of POM writes:

Fagg POMs ! POMbð Þ ¼ F
1shPOM2

s þ F
2shPOMb:POMs

þ F
3POM2

s þ F
4POMs:POMb

The shear rate (sh) is set to 1 s�1 in the mixed layer
and 0.01 s�1 below. The coefficients 8

1, 82 for
turbulence coagulation and 8

3, 84 for differential
settling are computing by integrating the standard
rectilinear kernels for collisions [Kriest, 2002]. The
degradation rate of POMb and POMs, in POMs and
DOM, respectively, lPOM, depends on temperature
with a Q10 of about 1.9.

[35] Calcite is fueled by mortality of calcifying
nanophytoplankton and by grazing by both types
of zooplankton on calcifying nanophytoplankton.
The dissolution rate (lCaCO3) is defined as follows:

DCO3 ¼ max 0;CO2�
3SAT � CO2�

3

� �

lCaCO3 ¼ l
DCO3

KCaCO3
þDCO3

This means that no dissolution is allowed in case of
oversaturation. On the other hand dissolution
increases with the undersaturation.

[36] The biogenic silica is fueled by mortality of
diatoms and grazing by both types of zooplankton
on diatoms. Its dissolution rate (lBSi) depends on in
situ temperature and on saturation following the
parameterization proposed by Ridgwell et al.
[2002]. For more details on the equation, see http://
www.lodyc.jussieu.fr/~aumont/pisces_ description.
html.
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