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Abstract. The “boundary scavenging” box model is a cor- 1 Introduction

nerstone of our understanding of the particle-reactive ra-

dionuclide fluxes between the open ocean and the ocean ma#30Th and23lpa are important oceanic tracers of marine par-
gins. However, it does not describe the radionuclide pro-ticles and deep water circulation®Th and?31Pa are both
files in the water column. Here, | present the transport-produced uniformly in the ocean by radioactive decay of ura-
reaction equations for radionuclides transported vertically bynjum isotopes334U and?3%U respectively) and they are both
reversible scavenging on settling particles and laterally byscavenged rapidly on marine particles that transport them to-
horizontal currents between the margin and the open oceaRyards the sediment on a time scale of 20 y ##Th and
Analytical solutions of these equations are compared withof 200 y for 231Pa. In absence of lateral transport by cur-

existing data. In the Pacific Ocean, the model produces “alyents, particulate transport balances in situ production. In
most” linear?*°Th profiles (as observed in the data) despite this case, the vertical profiles 88°Th and23'Pa are ex-

lateral transport. However, omitting lateral transport biaisespected to increase linearly with depth, as predicted by the
the 23°Th based particle flux estimates by as much as 50%ynj-dimensional (“1-D") reversible scavenging model (Ba-
231pa profiles are well reproduced in the whole water columngon and Anderson, 1982). Deviations from a linear pro-
of the Pacific Margin and from the surface down to 3000 mfjje indicate that oceanic currents carry significant amounts
in the Pacific subtropical gyre. Enhanced bottom scavengpf 230ThH and23lpa away from their production site (Cop-
ing or inflow of 23'Pa-poor equatorial water may account for pola et al., 2006; Roy-Barman et al., 2002; Rutgers van der
the model-data discrepancy below 3000 m. The lithogenic geff and Berger, 1993). The early study &Th in the
izzTh is modelled using the same transport parameters agcean revealed linear increase of dissolth with depth
230Th but a different source function. The main source of thejn agreement with the balance between the in situ production
2Th scavenged in the open Pacific is advection from theand the reversible scavenging $fTh on sinking particles
ocean margin, whereas a net flux’3PTh produced in the  (Bacon and Anderson, 1982; Nozaki et al., 1981). Further
open Pacific is advected and scavenged at the margin, illusyorks have stressed that a significant fraction of dissolved
trating boundary exchange. In the Arctic Ocean, the modek3lpg and at least some dissoV&8Th could be exported
reproduces°Th measured profiles that the uni-dimensional from area of low particle flux to area with high particle flux
scavenging model or the scavenging-ventilation model failedyhere230Th and23Pa are efficiently scavenged to the sedi-
to explain. Moreover, if lateral transport is ignored, #88Th  ment (Anderson et al., 1983). This process is called “bound-
based particle settling speed may by underestimated by gry scavenging” because ocean boundaries/margins are gen-
factor 4 at the Arctic Ocean margin. The very low scav- erally places with high particle concentration and sedimenta-
enging rate in the open Arctic Ocean combined with the en+tjon rates (particle flux effect) and where the particulate mat-
hanced scavenging at the margin accounts for the lack of higlger chemistry is such that it has a higher affinity for Pa com-
231paf3°Th ratio in arctic sediments. pared to the open ocean (particle chemistry effect). The con-
cept of boundary scavenging was first applied to horizontal
transport of?1%Pb toward lateral ocean boundaries (Bacon,
1977; Spencer et al., 1981). The effect of the lateral transport

Correspondence tavl. Roy-Barman on particulate flux of3°Th and?3Pa was quantified with
BY (matthieu.roy-barman@lsce.ipsl.fr) box modelling, hereafter referred as boundary scavenging
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margin interior 2 The boundary scavenging profile model

Vi Vi 2.1 Boxes and water transport

Sm Si The ocean is divided in 2 boxes: the ocean margin and the
S”O“Qﬂ‘ai“'c'e '°"¥|Si’“°'e ocean interior (Fig. 1). The volumes of the margin and of the
ocean interior aré/,, andV; (m3). These 2 boxes exchange
F a total flux of waterF (m%/s). For simplicity, | assume that
the water flows horizontally between the boxes (this is true
if isopycnal surfaces are essentially horizontal) and that this
flux is homogeneously distributed throughout the water col-
umn (a similar hypothesis is done by Rutgers van der Loeff
and Berger, 1993). The vertical eddy diffusion is neglected
in the surface mixed layer (see Sect. 2.4) and in the deep
waters (see Sect. 3.1.1). Neglecting vertical mixing within
each box implies that ventilation of deep layers by lateral ex-
change with Polar Regions is also neglected (this point will
be justified for the North Pacific Ocean in Sect. 3.1.1 and the

box model (Anderson et al., 1983; Bacon, 1988; Bacon etArctic Ocean in Sect. 3.2.1). It follows that at any depth the
al., 1985). More than 25 years later, this model is still the residence time of the water i§,=V,,/F in the margin and
cornerstone of our understanding of the distribution of the%=Vi/F in the ocean interior. Keeping constant and F
particle reactive element fluxes between the margins and th¥alues with depth implicitly implies the crude approximation
open ocean. In this box model, only the depth-averaged conthat the ocean margin has a flat bottom bathymetry (Fig. 1)
centrations of Pa and Th are considered, but the water columfather than a deepening slope. It must be noted that each box
profiles are not modelled. Nevertheless, it was noted that thés assumed to be well mixed horizontally so that concentra-
greater sensitivity of31Pa to boundary scavenging compared tion gradients exist just between the boxes, not within boxes.
to 230Th could account for its constant concentration in the It implies that the nuclide distribution should be represented
deep water as opposed to the linear increagd®h (Nozaki Py an average profile rather than by a single profile. As dis-
and Nakanishi, 1985). As a consequence, despite the pdg:ussed in Sect. 3.1.3, using an “extreme” profiles (e.g. a pro-
tential influence of boundary scavenging in most oceanic refile sampled in the centre of the gyre) rather than an average
gions, the 1-D reversible scavenging model is widely used toProfile over the box (average profile over the gyre if avail-
discuss®3°Th water column data and determine particle set-able) will lead to somewhat different estimates of the mixing
tling velocities including in ocean margins, as long as theretime that reflect the strong isolation of the gyre centre from
is no obvious evidence of ventilation or upwelling. How- the margin compared to the whole gyre.
ever, a recent study of the particle dynamics on the Kergue- )
len plateau stressed on the importance of taking into accourd-2  Particle flux
horizontal advection of the open ocean water to evaluate the
particles flux with the dissolved and particul#®@Th pro- ~ Particles are assumed to be produced at the sea surfde (
files (Venchiarutti et al., 2008). Then, particles settle at constant velocisy; for the margin
Here, | model the water column profiles °Th, 232Th ands; for the ocean interior. These settling velocities repre-
and231Pa corresponding to the 2 box ocean (ocean margirfent the mean settling. velocity of small pgrticles _defined op-
and ocean interior) proposed by (Bacon, 1988) or more gengaratlpnally as the particles cpllected on fllte.rs with pprosﬂy
erally when 2 areas with distinct scavenging conditions ex-fanging from 0.2 to km. This average settling velocity of
change water. | use the simple approach of (Rutgers van ddf€ fine particle integrates multiple processes including ag-
Loeff and Berger, 1993) and (Venchiarutti et al., 2008) to ob-9regation of smgll particles on large r_apldly sinking part[cles
tain analytical solutions of the transport equations. Then, [and desegregation that are not explicitly represented in the
compare the results with some existing data to discuss th@odel. The particle concentration is also not explicitly con-

shape of the Th-Pa profiles and the evaluation of the particléidered here. The particle concentration is embedded in the
flux with 23°Th profiles. dissolved-particulate partition coefficiektintroduced in the

next section.

| also assume that the constant particle flux is not perturbed
by lateral transport of particles from one oceanic reservoir
to the other. This is justified because, for transport at the
ocean basin scale, marine particles settle through the entire
water column fast enough that they do not have time to be

water
flow

Fig. 1. Principle of the boundary scavenging profile model.
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advected far from their region of origin before they reach theand particulate thorium. This is the assumption used in the
seafloor (Henderson et al., 1999; Siddall et al., 2005). It is1-D model and the scavenging—mixing model to represent
also consistent with the idea that particle dynamics in the wathe dissolved-particulate relationship (Bacon and Anderson,
ter column is strongly driven by surface parameters such ad982; Coppola et al., 2006; Moran et al., 2002; Nozaki et
biological productivity in the local surface water (high set- al., 1981; Roy-Barman et al., 1996, 2002; Rutgers van der
tling speed of particles in productive area, low settling speed_oeff and Berger, 1993). The determination of the partition
of particles in oligotrophic areas). coefficient of Pa and Th between the various particle types
The treatment of the particle transport is simplistic com- is still a matter of debate (Chase et al., 2002; Santschi et al.
pared to the complexity of the real particle dynamics. The2006; Roy-Barman et al., 2005, 2009). This is why | did
aim is to use the same particle dynamics as the 1-D reversiblaot try to represent particles of different chemical composi-
scavenging model (Bacon and Anderson, 1982; Nozaki et al.tion with specificK but | rather used a bulk partition coef-
1981) in order to restrict the investigation to the effect of lat- ficient. In the following, K is assumed to be constant with

eral transport on radionuclide distribution. depth for both Th and Pa, as also assumed in the 1-D model
and the scavenging-mixing model. This may be question-
2.3 Tracer transport able as, for example, degradation and dissolution of biogenic

particles causes the abundance and composition of particles

to vary with depth. A significant dissolution of Th bearing
hases would produce a non-linear profile that is not con-

gistent with observations (Roy-Barman et al., 1996). Pa is

In each box23%Th (as well as3'Pa) is produced by in situ
decay of U at a constant raf®, it is transported toward the
sea floor by reversible scavenging on sinking particles and i
is transported horizontally by the water flow. Considering the ; . ol :

: 23 a1 preferentially scavenged by biogenic silica that is known to
'0”9 hal_f-hfe of 2%0Th (75 OQO y) andz_ Pa (32500 y),_ the experience dissolution through the water column (Scholten
radioactive decay of these isotopes is neglected. Dissolved; o 5008). However, the accelerated increase of dissolved
and particulate concentrations are notgl andCy for the 231, yjith depth that could be expected (based on the anal-
margin andC;, andC;, for the ocean interior. ysis of230Th distribution by Roy-Barman et al., 1996) does

The total quantity of tracer (dissolved + particulate) is not appear clearly in the data (Nozaki and Nakanishi, 1985;
transported horizontally from one reservoir to the other (Sid-Bacon et al., 1989).

dall et al., 2005). The conservation equation of t682Th

(or 231Pa) is given by: 2.4 Solving the equilibrium model
for the ocean margin:
dcpreny s acn » Assuming that each reservoir is at steady state and introduc-
Y md_z_+ ‘ (1a) ing the reversible equilibrium between dissolved and partic-

+i [(Cji +C—(Cr+ C;”)] ulate thoriumin (Eq. 1a and b), it follows that:
for the inner ocean: acr F 1 i " o 3
d(C‘ifl»Cé,) de, _Svam‘dZ +P+7m[( +Ki)cd_( +Km)cd:| - ( a)

= ~Sig +P (1b)
+E I:(Cgr[n +Cm—(Ch +C§,)] for the inner ocean:
. . . _ dcl F )

In the right mgmber of these equations, the first term repre- ¢ g %0 p = [(1+Km)C’," —(1+Ki)cfz] -0 (3b)
sents the vertical particulate transport, the second term rep- dz Vi ‘

resents the in situ production and the third term corresponds ) o 2307
to the lateral transport. To solve these equations, the relrcxgrSt | consider only the in situ produced-Th (also called
OTh,,). If the effect of the mixed layer is neglected (Roy-

tion betweerC, andCy need to be specified. The dissolved 207 N
and particulate pools exchange material through adsorptioff@'man et al., 1996), the amoufit’Th produced at=0

and desorption. If these processes are fast enough, it can & @n infinitely thin layer tends towards Oéé%(r) that in this
assumed that there is a chemical equilibrium between the dig2yer, marine particles have nn?i accumuilzj h. It fol-
solved and the particulate pool (Bacon and Anderson, 1982/0Ws 2 boundary conditionsC;=0 andC,=0. It implies

Nozaki et al., 1981; Roy-Barman et al., 1996): thatC}'=C"/K ,,=0 andC}=C/K;=0.
m m Under these conditions, the solutions of Eq. (3a) and (3b)
Cp)=KnCy (28)  are (see Appendix A):
Cl =K;C! (2b) Z
»=KiCy i 0o P _ow _ (%)
RANEy S X”(S,«K,- <1+K,»)) o (1 © ) (42)

K represents the apparent partition coefficient of Th be-
tween the dissolved and the particulate phase Withex-
pressed as g of Th per litre of filtered seawater. These rela- o P o (z)
tions express a fast reversible equilibrium between dissolvedy’ = 1 * <+ (m - m) X 20X (1*6 © ) (4b)

www.biogeosciences.net/6/3091/2009/ Biogeosciences, 6, 30972009
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with 1997). In the Central North Pacific, wefé’Th scavenging
' _1 is particularly slow (Roy-Barman et al., 1996), CFC-ages of
0= (£ A+Ki) + i(lJr_K’")) (5) recently ventilated waters<0—1000m in the thermocline)
Vi SiKi Vi SmKnm are approximately 4 times larger than ##€Th scavenging
and residence time calculated at the same depth, indicating that

230Th transport is dominated by the reversible scavenging

Ooo = SII:(VV’”—JrSVlV)K (6) rather than by water ventilation (Fine et al., 2001; Boyle et

ark) T arg) al., 2005). In addition, it must be kept in mind that CFC-
ages may be strongly biased toward young ages due to water
mass mixing. Therefore, it is likely th&8°Th profiles are
not strongly affected by the thermocline ventilation in the
North Pacific Ocean. The effect of ventilation is certainly
stronger fo?31Pa that has a longer scavenging residence time
Sithough it is not possible to quantify it clearly.

zo is the depth below which lateral mixing becomes signif-
icant compared to particulate transpott., represents the
slope of the total (dissolved + particulat®PTh concentra-
tion depth profiles at great depth$zo) in the margin and
the inner ocean. Equation (4a) and (4b) are converted to th

. 3 .
total guantity o*°Th as follow: A profile obtained in the NW Pacific Ocean (ANS5:
; _(L) 40°00' N, 145328 E) is used as reference for the Pacific
C! =000 X 2+ (07 — 000) X 20 X (1—6 0 ) (7a)  Ocean margin (Nozaki and Yang, 1987). It was preferred

to discrete Pa and Th data collected less than 50 miles off the

" _(%) slope of the Shikoku Basin because they form a very scat-

€, =000 X 2+ (0 — 000) X 20 X <1_e ° ) (7B)  tered profile (possibly due to local effects) that corresponds

on average to the AN5 profile (Nozaki and Yang, 1987). The
where 0,,=(1+K,,) x P/(S;, K ) and o;=(1+K;)x PI(S; K;) inner ocean is represented by the HOT statiorP 482N,
represent the slopes of the total (dissolved + particulate)158 W, ~100 km north of Oahu) in the Central North Pacific
230Th concentration depth profiles that would be observedOcean (Roy-Barman et al., 1996). Knowing the concentra-
in the margin and the inner ocean if there was no lateral mix-tion profiles andk values from field data, the settling speeds
ing (F=0). In the following, these equations will be referred are adjusted to obtain a good agreement with the reference
as “the boundary scavenging profile model”. profiles (Table 1, Fig. 2).

The modelled profiles are close to, but not exactly, strait
lines (Fig. 2a). At the ocean margin, where scavenging is
intense, the deef?°Th concentration is slightly higher than
The model will be compared with existing data from the Pa-wr;ﬁt 'T[ would be if tr;lo Iate(;alllmc;xmgf_clJ ccqu_ebc_jt. IC_or|]1t\|/e|rsely,
cific Ocean and the Arctic Ocean. The Pacific Ocean is the | - = Nl 9cean, e modetied profiie exnibit Signtly lower

. L . concentrations than if no advection occurred. This is because
largest ocean so that margin-interior interactions should oc-

) . . -~ some23Th is transported from the low particle flux region
cur on a relatively long time scale. The Arctic Ocean is . . . . . .
to the high particle flux region (“particle flux effect”).

smaller than the Pacific. It is the ocean with the largest pro- ) )
X ; ) Above ~1500 m, the boundary scavenging profiles are al-
portion of shelves and marginal seas whereas the inner ocean

; . : most identical to the 1-D scavenging profiles. Indeed, if
is permanently covered by sea-ice, producing a very stron :

biogeochemical contrast between the margin and the inne *>z0 (Appendix B, Eq. B6a and b)

ocean. | do not try to compare directly the model with At- . P

lantic Ocean data because the strong ventilation of the deegd Ykt (8a)
waters strongly influences the shape of the Pa and Th pro-

3 Discussion

files. However, implications of the model for the Atlantic -m X z (8b)

Ocean will be discussed. ¢ SuKm

31 North Pacific Ocean Close to the surface or/and if the water residence time is very
long in the inner ocean and in the margin, the effect of lateral

3.1.1 230Th transport is negligible and the profiles are identical to those

expected without advection. As a consequence, the settling
| focus on the North Pacific Ocean because it covers mosspeed of marine particles must be determined #tfih data
available data in the Pacific Ocean. The margin-inner ocearollected in the upper part of the water column because they
limit is set at the 4000 m isobath. The water residence timesare less likely to be affected by boundary scavenging.
used by (Bacon, 1988) were;=460Y,t,,=140y. The dense At z=0, the boundary condition implies that tR&°Th,
waters formed in the North Pacific flow as intermediate wa-concentration is equal to zero (no mixed layer). It introduces
ter above 1000 m, while denser waters of the North Pacifica small discrepancy with the data. TARETh concentration
are dominated by the inflow from the South Pacific (Reid, over the mixed layer of depth h is constant and equal to the

Biogeosciences, 6, 3093207, 2009 www.biogeosciences.net/6/3091/2009/
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Table 1. Parameters of the boundary scavenging profile model.

3095

Pacific 1 Pacific 2 Arctic 1
(slow mixing) (fast mixing)

inner ocean inner ocean inner ocean

ocean margin ocean margin ocean margin
Circulation
vV (md)2 1.64x107 5x1016 1.64x107 5x108  6.5x105 1.5x101°
F (m3y)P 357x101% 3571014 1.1x10'°  1.1x10° 1.3x10'% 1.3x10M
(y) 460 140 150 45.8 50 11.5
particles
S (mly)° 370 500 330 700 150 1500
Thorium
Pty (fg/m3ry)d 540 540 540 540 540 540
K?h 0.15 0.3 0.15 0.3 0.06 0.30
zoTh (km)f 9.3 9.3 3.2 3.2 0.38 0.38
Particulate?30Th flux/  95% 115% 85% 148% 29% 409%
overlying production (4000 m) (4000 m) (4000 m) (4000m)  (2000m)  (2000m)
(depthf
Protactinium
Ppa (fgim3ly)d 25 25 25 25 25 25
K&, 0.015 0.15 0.015 0.15 0.006 0.1
zopa(km)f 2.0 2.0 0.6 0.6 0.043 0.043
Particulate?3lpa flux at  59% 235% 25% 316% 6% 509%
depth/overlying (4000 m) (4000 m) (4000 m) (4000m)  (2000m)  (2000m)
productiorh
F=(Th/Pap/(Th/Pay 10 2 10 2 10 3

- (KTh/K Pa)f

(Pa/Thyp/(Ppd Prn)’ 0.62 2.0 0.40 2.1 0.2 1.2

(4000m)  (4000m)  (4000m)  (4000m) (2000m) (2000 m)

@ pacific data from Bacon (1988). Arctic data from Jakobsson (2002).
b pacific data from Bacon (1988); Matsumoto (2007); Owens and Warren (2001). Arctic data from Carmack et al. (1995).

€ values derived in this paper by fitting the model&¥PTh profiles to measureé3CTh profiles: Pacific profiles from Roy-Barman et
al. (1996); Nozaki and Yang (1987); Arctic profiles: Bacon et al. (1989); Cochran et al. (1995); Edmonds et al. (1998).

d Anderson et al. (1983).

€ Pacific data from Anderson et al. (1983); Nozaki and Nakanishi (1985); Nozaki et al. (1987, 1995); Roy-Barman et al. (1996). Arctic data
from Bacon et al. (1989); Cochran et al. (1995); Moran et al. (2005); Scholten et al. (1995).
f values deduced from the other parameters.

concentration expected at the depth h with the 1-D modelverestimates the settling speed of particles5% in the

if there was no vertical mixing (Roy-Barman et al. 1996). inner ocean and underestimated it 816% in the margin.
Hence the effect of the mixed layer on the real profile will be In this particular case, the difference between the advection-
limited to the very surface sample(s) and it can be neglectednixing model and the 1-D model are relatively small because
for the purpose of this article where the discussion concernshe water residence time in each reservoir is long compared
mostly the deep profile. to the scavenging residence time (Table 1).

At 4000 m, the?3°Th particulate flux § x C,) represents However, Bacon (1988) suggested that the relatively long

115% of the in situ production in the overlying water column water reS|den_ce time that he estimated with h's. box model
at the margin and 95% of the in situ production in the over- and data available at the time could be overestimated by a

lying water column in the inner ocean. Thus, the contrastfactor 2 to 3 due to the paucny of Pa gnd .Th water column
between the margin and the inner ocean is relatively weal{jata' Therefore, the water residence time is re-evaluated us-

compared to the estimates based on a GCM (Henderson et a9 recent data independently of thorium data and boundary
1999). If lateral mixing is ignored, the 1-D reversible model scavenging models.

www.biogeosciences.net/6/3091/2009/ Biogeosciences, 6, 30972009
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dissolved *°Th (fg/kg) dissolved *'Pa (fg/kg) dissolved**Th (pgkg)
(o] 10 20 30 40 50 (0] 2 4 6 8 (o] 100 200 300 400

—— margin
inner
fffff mergin (1D)
inner (1D)
O inneroceandatall-
A margin data

depth (m)

depth (m)

Fig. 2. Modelled profiles and comparison with data for the North Pacific Océ@rto (c): Pacific 1 simulation (slow mixing)(d) to (f):
Pacific 2 simulation (fast mixing). See Table 1 for model parameters. “1-D” curves are obtained for the ocean margin and the inner ocean by
setting F=0 and keeping all the other parameters identical.

A recent synthesis of the\l*C collected during the rents (~24x10° m®/s below 2000 m) flowing along the Japan
WOCE program suggests that the mixing time of the deepslope (Owens and Warren, 2001).
water between the ocean margin and inner North Pacific is of Using these new residence times, it is necessary to increase
the order of 100-200y (Matsumoto, 2007). This mixing time the S,, and to decreasg& to maintain the same concentration
is different from the more familiar absolute age and ventila- gradient with a more vigorous horizontal mixing. Therefore,
tion age that is of the order of 1000y (see Matsumoto, 2007the deviation between the 1-D and the boundary scaveng-
for discussion). ing profile model increases. At 4000 m thTh particulate

Isopycnal diffusion contribution to margin-open ocean flux (S x C,) represents 148% of the in situ production in
mixing can be evaluated as follows: for a length scalethe overlying water column at the margin and 86% of the in
Ax=5000km (the distance between the centre of the innesitu production in the overlying water column in the inner
ocean and the margin), the horizontal eddy diffusion coeffi-ocean. The scavenging contrast between the margin and the
cientK y is of the order of 2—& 10’ cn?/s in the deep ocean inner ocean become closer to the estimates based on a GCM
(Ledwell et al., 1998, Sarmiento et al., 1982), the time scale(Henderson et al., 1999). If lateral mixing is ignored so that
At necessary to achieve diffusion is the 1-D scavenging model is used to determine the settling

(Ax)? speed of particles, the settling speed of particles will be over-
At = 9) estimated by~14% in the inner ocean and underestimated
2x Ky by ~30% (48%/148%) at the margin.

The aboveK y values are on the high end of those used in  Finally, it must be noted that vertical (diapicnal) eddy dif-
Ocean General Circulation Models to parametrize horizon-fusion in the deep ocean cannot account for the curvature of
tal eddy diffusion. This is because natural or artificial tracerthe profile. Using a typical vertical eddy diffusion coefficient
dispersion integrates also the effect of the large scale circulain the deep ocean ¥1 cn?/s (Munk, 1966; Thorpe, 2004)
tion. With the above values, we obtaixr=70-200y which  for the whole water column and assuming no diffusion of
is in the same range as th&C estimates. Based on th&C  239Th from the sediment, it appears that the curvature of the
and the isopycnal diffusion estimates, | choose a residencerofile due to the vertical eddy diffusivity is restricted within
time of 150y for the inner deep North Pacific. With a 3.2 ~100 m above the seafloor (Roy-Barman et al., 1996). For
to 1 ratio between the inner ocean and the margin (Bacon?3!Pa that will be presented in the next section and that is
1988), the water residence time in the margin is of the orderl0 times les particle reactive th&d#Th, the curvature of the
of 50y. This residence time is consistent with the strong cur-profile due to the vertical eddy diffusivity is restricted within

Biogeosciences, 6, 3093207, 2009 www.biogeosciences.net/6/3091/2009/
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~500 m above the seafloor. Higher, alue &1 cn?/s) oc-  173.23 W)(Nozaki and Nakanishi, 1985) becad$&Pa data
curs in the deep ocean but they are restricted very close to thare not available at the HOT Station. The Ce-8 profile is also
bottom topography (Ledwell et al., 2000), limiting its effect sampled in the subtropical gyre and it h&S%h profile very
on the Th or Pa profile to the seafloor vicinity. In addition, it similar to the HOT station (but with less accurate data). Par-
must be noted that isopycnal diffusion along slopping isopy-ticulate?31Pa is not available but it generally represents less
cnal surfaces probably accounts for most of the vertical eddythan 5% of the totaf®Pa. With the “Pacific 2" set of pa-
diffusivity in the deep ocean (Sarmiento and Rooth, 1980). rameters (Table 1), the model correctly reproduces the mar-
gin profile down to 6000 m. It correctly reproduces the inner
3.1.2 #lpa ocean profile between the surface an8000m (Fig. 2e).
. . The model fails to reproduce the lower part of the inner ocean
I now apply the boundary scavenging profile modéﬁija. profile where the concentration remains constant with depth
The water residence time, the settling speed of particles and 4 pecomes close to the margin profile.
the poundary conditions remain unchanged compared to sim- |+ must be noted that the subtropical gyre profiles are lo-
ulation (1), the only changes conceki and K, due to the  cateq in area with a seafloor depth of 6000m, but close
different chemical behaviour of Pa and Th. According to lit- high relief with seafloor depth of 4000 m such as the
erature data (Table 1K*~K/"/10 in the inner ocean and  jhert Ridge. Therefore, the circulation of the deep wa-

K ~K;"I2 in the ocean margin (Anderson et al., 1983; ters found at station Ce8 along the Gilbert ridge (Yanagimoto
Nozaki and Nakanishi, 1985; Nozaki etal., 1987, 1995). Thegnd Kawabe, 2007) may have enhanced locally the scaveng-
main features of the modell€d®Th profiles also occur for ing of 231Pa (as it can be seen also f3PTh). In addition,
the modelled*>'Pa profiles: these waters flowing from the south may have been stripped
from their 221Pa in the equatorial Pacific by the enhanced
siliceous particulate flux. We also note that very I6#Pa
concentrations were measured on the eastern margin of the
Pacific Ocean (Anderson et al., 1983). Obviously, more data
are required to further constrain this point.
— very close to the surface, the advection-scavenging pro- :
files are almost identical to the 1-D scavenging prO_3.1.3 From boundary scavenging to boundary exchange
files. It occurs only above-300 m (compared to 1500 m
for 239Th) becausé3Pa much more sensitive to lateral
mixing than?3°Th.

— in the deep ocean, the modell&#Pa concentration at
the margin is higher and the modell&Pa concentra-
tion in the inner ocean is lower than if no lateral mixing
occurred £=0).

Until now, only in situ produced nuclides have been dis-
cussed. | now consider the casé#iTh that is derived from
continental inputs. Dissolvetf2Th is produced by dissolu-
tion of lithogenic material. The main source of lithogenic
231pa modelled profiles tend to be paralle} is the depth particulate matter in the ocean is the r_iver input in_the coastal
where the 2 profiles start to be parallel due to horizontal mix-0¢€an (Table 2). It represents approximately 10 times the to-
ing of 231Pa. The concentrations remain different becausd@! atmospheric input. The flux of lithogenic aerosols at the
abovezo an excess of3'Pa has built up in the open ocean Margin is approximately 100 times higher than in the open

due to a lower scavenging rate. This excess is transported¢€a": 5 o _ o

at greater depth by reversible scavenging on sinking parti- 1€ averagé®Th content in lithogenic pagrﬂcles is of the

cles. Strictly speaking, it is the slopes of the total concentra-0rder of 10 ppme,, and®; are the fluxes of*2Th released

tion profiles that tend toward the same value (Appendix B,PY dissolution of the incoming particles at the margin and in

Eq. B8a and b). the inner ocean, assuming 1% of dissolution for both riverine
The difference of concentration between the 2 profiles jsand atmospheric particles (Arraes-Mescoff et al., 2001; Roy-

equal to 2.5fg/l (we neglect particulate Pa that represent&arman etal., 2002)'6}',:061%’ Sm. Ki andK,, parameter, | use
a small fraction of the total). This concentration difference € Same values as for'Th because isotopes of the same el-

is the result o#3!Pa ingrowth when 83'Pa-depleted water ement are expected to have the same chemical behaviour in
Zolution. The distribution of the dissolvéd?Th concentra-

At great depth (belowp), the “margin” and “inner ocean”

mass leaves the margin (where scavenging is more intensey, . h ) g
and stays in the inner ocean (where the scavenging rate is>" with depth is then given by (Appendix A, Eq. A27a and

much lower). Dividing this concentration difference by the ~/-

production rate of3'Pa (0.025fg/lly) yields a time differ- ., ((1+1(m)q>m 3 (1+K,.>q>,.) P

ence of 100y. This time difference is lower than the water "¢~ \ KuSn KiSi ] SiVikKi

residence time in the inner ocean (150 y) because $étha -(3) ©

is scavenged in the inner ocean even if it is less effective than xzox (l_ e ) TS (10a)

at the margin (Appendix B, Eqg. B13).
These theoretical curves are compared with the AN5
profile (margin) and with the Ce-8 profile (12778,

Cm — (1+Kl')CI>l' _ (1+Km)q>m F
d K;Si Km Sm Sm Vim Km
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Table 2. Lithogenic flux to the North Pacific Ocean.

Lithogenic ~ 232Th flux released  Nd flux released
material flux by dissolutiofi** by dissolutiorf***

(0t2gly) (P pgintly) (10° pg/nly)

Whole North Pacific atmospheric flux 480 1.6 4.8
Central North Pacific atmospheric flux 20 0.067 0.2
lithogenic flux by river discharge 6000* 33 100

* Uematsu et al. (1985);* Duce et al. (1991)7** Milliman and Meade (1983)**** assuming 1% dissolution of lithogenic matter and
considering that the North Pacific surface is@®'2m?.

X 20 X <1_e—(f¢,)> + K‘:Drg (10D) The _effect of the d_issolut.ion of the .IiFhogenic input.s: to the
men N. Pacific on the Nd isotopic composition of the Pacific deep

water can be evaluated. Assuming that the lithogenic Nd is

The modelled profiles are compared to the HOT profile (in- .
oo o . dissolved at the same extent’d4Th (1%), a total flux of Nd
ner ocean) and to the compilation of Western Pacific marngNd_|imo=1.9>< 10°gly is released in the North Pacific mar-

data as dissolve??Th concentration is not available at sta- in. The average Nd iSotonic Compositiomis. (. ~+6Ld
tion AN-5 (Nozaki and Yang, 1987). The modelled profiles gJe;':mdeI ot alg 2007) T[r)\'s Nd ps mi edm_'ltﬁot;e Nd car-
do not reproduce precisely the data (Fig. 2¢ and f), but the ried from the slyouth Pa;cificlby the: thelr):nohvglline circulation
account for several important features: increasitgh con- Using a water flow of 36108 m¥/s (Table 1) and an aver-

centration with depth in the open ocean and decredSfih age dissolved Nd concentration of 4 ng/l in seawater, we ob-

concentration with depth in the ocean margin. If there was_= ; _ .
tain an input ofFg_southpaciic3.8x 10° gly with an average

no water exchange between the open ocean and the marg|n, . X e
d isotopic compositiorng—_southPacifiecc—8 (Jeandel et al.,

(F=0in Eg. 10a and b), both profiles should exhibit constant : . o e
concentration with depth (Roy-Barman et al., 1996). In the.2007)' The Nd isotopic composition of the Pacific deep water

open ocean, the increase@fTh concentration with depth Is given by
is due to advection ot*2Th -rich coastal water. At the ocean

margin, the decreasé?Th concentration with depth is due

to the progressive flushing of tR&°Th-rich margin water by ~ &éNd-northPac=
232Th-poor open ocean deep water.

A low water mixing rate allows a larger concentration dif- | obtain eng_northpace—3.7+1.2, in very gross agreement
ference between the open ocean and the ocean margin. Howyith the average value of the North Pacifig§~—4.5 (Ar-
ever, it reduces the vertical concentration gradient in eactsouze et al., 2007)). It suggests that dissolution of lithogenic
reservoir. Given the limite@2Th data set, thé&*2Th concen-  particles at the ocean margin provides a suitable source of Nd
tration is much more sensitive to the water circulation patternto explain the change of Nd isotopic composition as already
than uniformly in situ produce@®Th. The very low”*’Th  proposed by (Lacan and Jeandel, 2005). Hence, simultane-
content at the HOT station may be due to the reduced inous measurement of Nd and Th profiles could improve the
flow of margin water to the centre of the gyre compared tounderstanding of the boundary exchange process by coupling
the average open ocean (modelled reservoir). This would bg source tracer (Nd) with a chronometer (Th). Using Nd and
consistent with the perfectly lined?°Th profile that is not  Th as analogs for the insoluble elements such as iron will
perfectly reproduced by the slightly curvé®Th modelled  provide strong constraints on the inputs of micronutrients in
profile of the Pacific 2 data set (Table 1, Fig. 2d). the ocean.

Given that®; is 2 orders of magnitude smaller than,,
setting®;=0 does not change the model&Th profile of 3.2 Arctic Ocean
the inner ocean significantly (not shown). This means that
most232Th in the inner ocean is advected from the ocean3.2.1 230Th
margin. Hence, the ocean margin acts both as a net sink for
the23%Th produced in the inner ocean (boundary scavenging)The first239Th data in the Arctic Ocean revealed unusually
but also as a net source &°Th for the open ocean. This high 23°Th concentrations that were explained by the very
illustrates the concept of boundary exchange developed wittiow particle flux in this area covered by sea-ice (Bacon et
Nd isotopes where ocean margins play simultaneously thel., 1989). Subsequent works demonstrated that lower con-
role of source and sink for a chemical element (Lacan anccentrations occurred, in particular close to the shelf zones
Jeandel, 2005). (Cochran et al., 1995; Edmonds et al., 1998, 2004; Scholten

FNd-litho X eNd—litho + FNd—South Pac< ENd—South Pac (11)
FNd-litho + FNd—South Pac
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Fig. 3. Modelled profiles and comparison with data for the Arctic Ocean. See Table 1 for model parameters. “1-D” curves are obtained for
the Arctic margin and inner Arctic Ocean by settifigO and keeping all the other parameters identical.

etal., 1995). The reversible scavenging model and the advelpha Ridge and the Nansen Basin (Rudels et al., 1994). As
tion mixing model have generally failed to represent the low231Pa was not measured at these stations, | also use a sta-
230Th concentrations in deep waters when using reasonabléon (7232.59 N, 14349.89 W) from the Canada basin with
ventilation rates (Scholten et al., 1995). The ventilation ratesimilar23°Th concentration (Edmonds et al., 1998).

on the Arctic Ocean is slow (Schlosser et al., 1995; Tanhua | consider waters above 2000 m because at greater depth
etal., 2009). In the Nansen Basin, the ventilation ages are ofhe sjtuation is complicated by the presence of oceanic
the order of a few years to decades for surface and haloclinﬁdges_ The margin-inner ocean limit is set at the 2000 m iso-
waters, 100y for intermediate waters (500-1500m), 200 Ypath. The volume of the ocean margin (including marginal
for deep water (1500-2500m) and 300y for bottom watersgegs) is 1.5510f km? and the central Arctic Ocean above
(>2500m) (Schlosser et al., 1995). In the Canadian basingoo m is 6.5 106 km3. Surprisingly the margin/open ocean
the ventilation of the intermediate, deep and bottom water isatio is lower for the Arctic (1:4) than for the Pacific Ocean
even slower, with a ventilation age of 450y below 2000m (1:3). This is because the shelves cover about 53% of the

(Anderson et al., 1999; Schlosser et al., 1997). Over thearctic Ocean area, but contain only about 5% of the total
Alpha r|dge, the 200 m Atlantic water has CFC a“\fﬁcs Arctic Ocean volume (Jakobsson, 2002)

ages of at least 30y (Wallace and Moore, 1985). Deeper
waters have very low anthropogenic tracer levels indicating
long ventilation ages. It follows that the water ventilation is
always slow compared to particulate transport. In the follow-
ing discussion, | will neglect ventilation and just focus on the
role of particle scavenging and horizontal advectiod$fth
transport.

The transport is assumed to occur by eddy diffusion
along isopycnal surfaces. An eddy diffusion coefficient of
K 5=1.5x10" cmé/s (Carmack et al., 1997) and a distance of
1500 km between the CESAR Station and the European shelf
combined in Eqg. (9) produce a mixing time~40Yy. It rep-
resents the time required for the water of the ocean margin
to reach the inner ocean. Therefore, we set water residence

During the 1990s, the Arctic Ocean has experienced siglime: 7;=40Y, 7,=10y.
nificant changes. An increase of the warm Atlantic in- Knowing the concentration profilek; andK,, from field
flow was recorded in the Nansen, Amundsen and Makarowata, the settling speeds are adjusted to obtain the best fit of
Basins. The Canadian basin remains relatively less affectedhe data (Table 1, Fig. 3a). Just like fPa in the Pacific,
As the model assumes a steady state circulation, | comthe “margin” and “inner ocear?®°Th profiles become paral-
pare the model with data collected during the 1980s or earlylel at great depth. Below 500 m, the concentration difference
1990s in the European Basin and data collected during théetween the 2 profiles at a given depth is equal to 20 fg/l.
1990s and later for the Canada Basin. The inner ocean iFhis difference is due t6°°Th ingrowth while water flows
represented by the CESAR station {86 N, 10850 W) from the margin to the basin centre. Dividing this concentra-
over the permanently ice-covered Alpha ridge (Bacon et al. tion difference by the production rate &°Th (0.54 fg/lly)
1989). | take as reference for the margin ocean, stations 28¥ields a time difference of 40y. This is equal to the residence
(81°40'N, 3048 E) and 423 (8119.9 N, 15°18.9E) sam-  time of the water in the inner ocean because the scavenging
pled along the slope of the Nansen basin (Cochran et al.tate is very low in the inner ocean and the water residence
1995)) in agreement with circulations schemes between théime is too short for the deef’°Th concentration to reach
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the linear equilibrium established in the shallow waters (Ap-tic Ocean and its margins. Early evaluations of t#&h in
pendix B, Eq. B13). arctic sediments suggested a stréa@rh deficiency in the
The boundary scavenging profile model proposed here isrctic sediments (Huh et al., 1997). A recent re-evaluation
the first model that accounts for the non-linear shape of theof the core ages has reduced this deficiency (Hoffmann and
CESAR statiorf3°Th profile (remembering that the deep wa- McManus, 2007) and demonstrated that Hgh accumu-
ter ventilation is too slow to account for the shape of the pro-lation rates {2 times the local production rate) occur in the
file). Similarly, margin-inner ocean interactions can explain vicinity of the Chukchi shelf during the Holocen®°Th ac-
why 239Th concentrations lower than predicted with the 1- cumulation rates equivalent to the overlying production rate
D model or the advection mixing model (using reasonableare observed towards the open ocean. Cores from the areas of
ventilation time) are found in the deep water of the Nansenthe lowest sediment accumulation rates have not been mea-
Amundsen and Makarov basins (Scholten et al., 1995). sured in (Hoffmann and McManus, 2007).
Another important result of the model comes from the cal-
culation of theZ3%Th particulate flux to the sediment. At 3.2.2 231pa
2000 m, the’*°Th particulate flux §x C),) represents 409%
of the in situ production in the overlying water column at the In order to obtain modelled profiles consistent with the
margin and only 29 % in the inner ocean. This clearly showsavailable data (Fig. 3b), | use the settling speed obtained
that?3°Th may be strongly affected by boundary scavenging.with 23°Th in the previous sectionk/*~k["/10 in the
An obvious consequence of this patrticle flux effect is that theinner Arctic Ocean (similar to the inner the Pacific ocean)
particle settling velocity at the margin cannot be evaluatedand K “~KI"/3 for the Arctic margin (slightly larger
correctly with the 1-D model although tH&°Th profile in- ~ 23Pa?*°Th fractionation than in the Pacific margin) in
creases linearly with depth. Using the 1-D model, the settlingagreement with the available data (Moran et al., 2005;
speed of the particles at the Nansen basin margin is 300 m/§cholten et al., 1995). As already noted féfTh, a lin-
whereas it is 600 m/y in the open Nansen basin, where onear 3'Pa profile at the margin does not demonstrate that
would expect a lower settling velocity (Cochran et al., 1995). 231Pa transport is dominated by vertical transport by particles
In fact, one would expect a higher settling velocity rate of rather than by lateral transport as proposed by (Edmonds et
the particulate matter at the margin where the concentratioral., 1998).
of biological and lithogenic particles is the highest (and as a A salient feature of thé31Pa23%Th fractionation in arc-
consequence the dissolvé®Th concentration the lowest). tic sediments is that almost &fPaf3°Th ratios in top-core
The proposed explanation was that sediment resuspensicgediments are lower than or equal to the production ratio of
could account for the lower calculated settling velocity at thethese nuclides in seawater even in ocean margin sites (Moran
margin. In fact, with the 1-D model, the settling velocity just et al., 2005; Scholten et al., 1995). It was proposed that 40%
depends on the particulatg°Th concentration: of the Pa produced in the Arctic Ocean is exported in the
_ 23 Norwegian and Greenland seas through the Fram Straight,
§S=(Pxd/ OTh” (12) but sediments of the and Greenland sea do not show the high
whered is the water column height, so that, at a given depth,231Pa?3°Th ratios that would be expected in case of arrival of
a high particulaté3°Th concentration always gives a low ve- Pa from the Arctic Ocean. The boundary scavenging profile
locity. model suggests another process that could contribute to the
With the boundary scavenging profile model, | estimatelack of high?31Pa#30Th ratio in the sediments of the Arc-
that the particle settling velocity is of the order of 1000 m/y. tic margins. The modelle@®1Pa?3°Th ratio in the particles
This value is much larger than the value (300 m/y based orof the open Arctic Ocean at 2000 m (and thus the ratio ex-
the 6y particulate Th residence time over a 2000 m water colpected in the open ocean sediments) is below the production
umn calculated by (Cochran et al., 1995)) estimated with theratio, but the?3'Pa?3Th ratio in the particles of the Arc-
1-D-model because the sinking particulate matter must scaviic margin at 2000 m are only slightly higher than the pro-
enge both the in situ production and the net input transportediuction ratio (Table 1). This is because the scavenging rate
from the open ocean. This lateral transport is not representedf 231Pa and?3°Th is so low in the open Arctic Ocean that
in the 1-D model but it was already considered with the most nuclides are scavenged at the ocean margin so that little
boundary scavenging box model of the Pacific Ocean (An-231pa#30Th fractionation occurs compared to the production
derson et al., 1983). The added value of the boundary scawatio. The difference with other oceans is that in the Arctic
enging profile model is to stress that a lin&Th profile  there could be a substantial lateral transporf8Th from
(such as the profiles measured on the Arctic Ocean marginghe open ocean to the margins.
does not guarantee that lateral transport can be neglected,
as already shown by the study of thorium isotopes on and3.2.3 Comparison with other models
around the Kerguelen plateau (Venchiarutti et al., 2008).
As a consequence, a strong contrast in the accumulatiofollowing the seminal work of the 1-D scavenging model,
rate of sedimentar§?°Th should exist between the open Arc- various models have been proposed to describe the impact of
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lateral transport 0A*°Th and?31Pa profiles. In the South At-  tion (Dutay et al., 2009; Henderson et al., 1999, Siddall et
lantic, the strong upwelling of the deep water masses cannadl., 2005, 2007, 2008). These models successfully represent
be neglected so that t#é°Th and?31Pa profiles in this area  the preferential accumulation of particle reactive nuclides in
were modelled by considering the transport of the nuclidesthe sediments of ocean margins but they have not been used
by a reversible scavenging and the homogeneous advectiodirectly to evaluate the impact of boundary scavenging on
of a water mass with a constant concentration throughout3°Th and?3'Pa distribution in the water column. It must
the water column (Rutgers van der Loeff and Berger, 1993)be noted that due to the paucity of data, these models are
This model is now currently used to modéPTh and?3lPa  often underconstrained to disci®S8Th or 231Pa in a given
profiles when upwelling or ventilation are important (Cop- region. Recently, (Marchal et al., 2007) used a constant and
pola et al., 2006; Moran et al., 2002; Roy-Barman et al.,homogeneous particle flux over the whole Atlantic Ocean in
2002). In particular, this model accounts for the low Pa andorder to us&3°Th as tracer of the thermohaline circulation.
Th concentrations found in the deep waters of the AtlanticWith regard to these sophisticated models, the present work
due to the presence of recently ventilated waters that havenderlines that the particle effect found at the ocean margin
lost their Th and Pa by scavenging when they were at the suris not only due to a higher concentration of particulate mat-
face (Scholten et al., 2008). It must be noted that boundanter but also to a faster settling rate of these particles, probably
scavenging can produce Th and Pa profiles with low concenthrough aggregation/disagregation with the large settling par-
trations in the deep waters, a feature only modelled in theticles. It stresses that more complex particle dynamics has to
case of deep water ventilation until now. As a consequencebe used for these coupled physical-biogeochemical models
further work will have to consider the combined role of ven- as proposed by (Dutay et al., 2009). This would be particu-
tilation and boundary scavenging on Th and Pa profiles in thdarly important for example to take into account geographical
deep waters and the possible impact of boundary scavengingnd/or temporal evolution of the ballasting effect.

on the estimate of the ventilation rate based on Pa and Th

data. )
Recently, the effect of lateral transport was taken into ac-# Conclusions

count in a simple modelling of thorium isotopes in order to . . , .
. . . The aim of the boundary scavenging profile model is not
evaluate the settling speed of marine particles on the Kergue-

len plateau that is a place or high biological productivity (dueto desi:rlbe” pr_eC|s_er the_Th and Pa p“’f'!es of any compli
. . cated “real” situation. It is rather to provide a simple the-
to an iron-induced bloom) surrounded by the HNLC South- .
) : oretical framework where some effects of lateral transport
ern Ocean. In this model, open ocean water wif’@h con-

S Lo X : on Th and Pa profiles can be evaluated and tested against
centration increasing linearly with depth is advected on the : o : )

. . . observations. One of its important outputs is that a “more
plateau. Advection and reversible scavenging on the plateau

T H 3 . . .
were used to explain th&°Th concentration profile on the or Iess_ I|n_ear2 OTh. profile does not _necessarlly imply tha_lt
advection is negligible as assumed in the 1D model and im-

plateaq (Vench!aruttl et al., 2008). The Kerguelen !olateaup"es a re-evaluation of th&°Th-based mean settling speed
model is a particular case of the boundary scavenging pro:

file model. In the case of the Kerguelen plateau, 4¥&h of particulate matter particularly in the coastal area. With the
. . ) availability of high precision data measured by Thermal lon-

content of the open ocean water is considered as a fixed pa-_..
Isation Mass Spectrometry or by Induced Coupled Plasma

rameter and the scavenging conditions on the plateau hav . . !
) X . ass Spectrometry, it becomes obvious that the non-linear
no feedback on this profile, because it seems reasonable 3 . .
. 3 OTh profiles are more the rule than the exception even
consider that thé3°Th content of the open Southern Ocean . ' .
though linear profiles do exist (Roy-Barman et al., 1996).

is not significantly influenced by the enhanced scavenging O ntil now, these non-linear profiles were generally attributed

the small Kerguelen plateau. On the contrary in the boundar . -
: . .~ to upwelling or water mass ventilation. The model pro-
scavenging profile model, the open ocean concentration is : : I
. . . posed in the present article allows a quantitative assessment

not fixed but it may be affected by the scavenging on the mar- : .
) . . . of the effect of boundary scavenging which was suspected
gins. Mathematically, the Kerguelen plateau model is equiva-

- X L to produce non-linear profiles too. More generally, it allows
lent to the boundary scavenging profile model with infinitely o S
) a first order quantification of the effect of oceanic circula-
large open ocean volume (Appendix B, Sect. B4.). Contrary,. o
. ion on Pa and Th distribution in the water columns of ar-
to the Kerguelen plateau model described above, the bound- IR . .. )
) . . . _eas with distinct scavenging conditions (margin/open ocean,
ary scavenging profile model takes into account advection . : .
) , ; subtropical gyre/equatorial area (Broecker, 2008), subtropi-
and scavenging to evaluate tHTh profiles simultaneously . .
) . . cal gyre/subpolar gyre (Taguchi et al., 1989)). This model
in the inner ocean and at the margin. 4 .
X . . ... should be useful for the numerous Pa-Th studies launched in
Regional and global circulation models coupled with bio-

) X ” the framework of the GEOTRACES program.
geochemical models of various complexities are used to
study the impact of circulation on the distribution ©fTh
and?31Pa in the ocean as well as the possible constraints
brought by23°Th and?3Pa on the thermohaline circula-
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Appendix A whered; is an integration constant. The solution of Eq. (A5)
can be written:

Resolution of the equations b

Ch=fe (ak (A8)

Al General solution _ . . . L
here f is a function ofz. Substituting this expression in

In the boundary scavenging profile model, the margin and thé=d. (A7), we obtain:
ocean interior works symmetrically (they only differ by the f
value of the constant$ and k), so that Eq. (3a) and (3b) are a——e ~(G9 = —cz4dy (A9)
symmetrical with respect to the margin and the open ocean.
Therefore, it is sufficient to solve these equations@rto so that:
be able to deduce€’} by symmetry. These 2 equations are df czHdi b,
coupled by the lateral transport term. Using Eq. (8H),can = ————e¢\a* (A10)
be expressed as a function of the other variables: ¢ “
The primitive of this function can be written as

S; ViK; dct PV; 1+ K;)
M 4 - = C, (A1) —c_ actdib
FA+K,) dz FA+K,) Q+Kp) f=(—z+ Ye'd)? 4+ dyp (A11)
o _ _ b b?
Derivating A1, gives the expression: whered, is an integration constant. Substituting Eq. (A11)
svik 4C,  py, arkp in Eq. (A8), we obtain:
acm FU Ky @2~ FOT ko) T @Ko Ca db
T 2 H ; (A2) Cfl = —SZ Clc+2 : "1‘512‘?_(3)Z (A12)
_ _sviki ¢ atky) 96 b b
= F(I+Kn) dz2 T @+Kn) d . .
(LK) dz (k) dz It is now necessary to determine the valuedgfand do
Combining Egs. (A2) and (3a), we obtain: with 2 boundary conditions. A¢=0, the vertical particulate
. _ flux (C,xS) must be equal to the atmospheric inpdd.( It
S ( SiViki d°Ci  (1+K;) dC} follows that
m n
F(1+Ky) dz?>  (14+Kn) dz o,
F i mS;\/,K, act PV, ! A+Ki) (AS) Cm (Z = O) S (A13a)
- |:(1+K1)Cd7(1+Km)<F(1+Km)TZ7 Farks T Ky ,)} m
=0 @
C’ (z=0)= 5 (A13b)

which simplifies into:

. and becaus€, = KCy (Eq. 2):
SiSuKiKnVi €,

F(1+Km) dz? Jci (A4) m D
—[Sme (T + o ] T +P(1+Vifn> =0 Cie=0=27, (A13c)
Equation (A4) can be written as: Cl(z=0)= (A13d)
, d KiSi S
d C! dc! . -
d d =0 (A5) For the inner ocean, combining Eq. (A12) and Eq. (A13d)
iz for z=0 gives:
with
: ac—+dib d;
C'(z=0)= do=—— Al4
az_SiSmKiKmVi (A6a) (E=0=+ b2 a2 K;S; (A1)
F(1+Kpn) . . .
For the margin, combining Eq. (A1) and Eq. (A12), gives
1+ K; S;ViK;
b:—|:Sme ( + l) e l} (A6b) d(—£Z+aC+d1h+d2£’_( ))
1+ Km) Vin cm— _SiViKi b PV
¢ = FA+Kn) dz " T FI+kn  (AlL)
V: A+K) (¢ ac-‘rdlb (F)z
c=P <1+ V_l) (A6c) +(1+Km) ( it =2 +dre™
" Calculating the derivative terms yield
Integrating this equation a first time, we obtain: Sk ) ® oy
i ViKi [4 —(= i
dCi Cl' = Tk, (_E —(g)dze Z) T F@H K (A16)
d i__ (1+K;) +d1b —(L
a— - TbCy=—cz+dy (A7) + RS (—,%z+“”T1+dze (,,)z)
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atz=0, combining Eq. (A16) and Eg. (A13c), yields:

SiViK; b
Cil@=0= rmxy (-5~ (Dd2)

PV; (14+K;) ( act+dib
TFL Ky T K ( bzl +d2) (A17)
= Kmygm

Introducing Eq. (A14) in Eq. (A17), allows eliminating:

S; Vi K; c b PV;
i Vilhi ¢ _ (b d )_ L &

F(l+Km)( 5 —(@92) — Favk,)

A4K) (& ) _ o (A18)
(1+Km) KiSi - KmSm

Equation (A18) allows determining:

[P ¢ (4K, A+K)®\ F | a
do= {sl-K,-+b+( Kon S K:S; )sl-viki}(b) (AL9)

Combining Eg. (A12) with Eq. (A13d) at=0, gives:

. ac+dib ®;
Cl(z=0)= do = A20a
d(z ) bz + 2 KiSi ( )
so that
. b
Ci=—%z+ (i —dz) +dze™ ()"
N o (A20D)
= _%Z+d2(€_(a)z—1) — r’l
We note that
p_ [SnEn D+ Sk
a S, SmK; KmV;
T FI*Km) (A21)
_ F (4+K;) +L(1+Km)
- Vi SiKi Vm Sme
Sozg is defined as:
F(A+K) F 1+K,\*
Vi SiK; Vin SmKm

1/zg is the e-folding term of the vertical evolution of the
slope of the concentrations {ddz) and of the concentra-

0xo represents the slope of the dissolved + particulate
230Th concentration versus depth profiles at great depth for
the margin and the inner ocean.

Introducing Eq. (A19) and (A21)—(A24) in Eq. A20b gives
the final expression 01?51:

i __ OJ00 CI),'
Co =k X2t &S,

+ P _ox + A+Kn) Pm _ A+K)P; F
SiKi  (1+Kp) Kon S K;S; SiViKi ) (A25a)

X270 X (1—e‘<§n))

The term-4— converts totaf*°Th into dissolved3°Th
in the ocean interior. Notting that the problem is mathemat-
ically symmetrical with regard to the ocean margin and the
inner ocean, the concentration in the coastal ocean is given
by:
Cr' =8y X2t 14

mwm
__ 0%x ((1+K[)(Di _ (1+Km)¢‘m) F )
S Km A+Kn) K;Si KonSm S Vin Kin

(A25b)

xzoX [ 1—e \%

A2 Solution for in situ produced nuclide (?3°Th
and 231pa,,)

For 22°Th and 23'Pa, we are interested by their in situ
produced fraction represented ##°Th,, and 23lPa.
Therefore, the atmospheric inputs are taken equal to zero
(®;=9,,=0). With these conditions the profiles are given
by:

i _ _ Oco P Oco
€= iy < o+ (sh — o)

z A26a
xzoX | 1—e \%0 ( )

m __ Ono P _ Ooco
Cd = Tk, X2t <S Ko (1_+Km)>

X20 X (1_6(50)> (A26b)

A3 Solution for external inputs only (>32Th)

tions themselves (Egs. AS and A7}o represents a depth  piggoved?32Th is produced by dissolution of lithogenic ma-

below which lateral mixing becomes significant compared toq i

particulate transport.

Vv
(P+P*V,Z)
1+K; S; Vi K;
SmKIﬂ ((l Kl)) IVI L

£ —_
;=

(A23)

—__1 P(Vut+Vi)
- (14+-K;) SmKmVm +SiViKi
I+Km) " A+K))

We note:

P (Vn+Vi)
Ooo = S Kim Vin + SiViK; (A24)
A+Kpn) 7 (A+Ki)
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There is no in situ productionPE0) so thato,,=0.

It is assumed that af3°Th dissolution (eolian and river-
ine sources) occurs in the surface waters, sodhat0 and
@, £0. With these conditions the profiles are given by:

Ci — A+Kw) P A+K)P; F
d KonSm K;Si SiViK;

(= _ (A27a)
Xz X (1—e (ZO)> + %
o — (<1+Kl-)<1>l- _ (1+Km><1>m) F
d — K:S; K Sm SV Km (A27b)
X270 X (1—e_<*’}3)) + Kq>,§
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Appendix B B3 At great depth or with a short water residence time
in one of the reservoir

Particular cases for in situ produced nuclides
Whenz— + oo (great depth) ogo— 0 (short water residence

B1 Identical scavenging conditions for the margin and  time in at least one of the reservoir), theszg

the ocean interior In this case:
WhenK,,=K;=K ands,, = S; = S, Egs. (A23) and (A24) (%) ~0 (B7)
become:
c P Introducing Eg. (B7) in (A26a) and (A26b) yields:
-—=— (B1)
b SK . P
p Ct’%oooxz—i—((l—i-l(i)ﬁ—ooo)XZo (B8a)
=(1+K)— B2 [RAN

000 =(1+K) SK ( )

So that Eq. (26a) and (26b) become: Cl" ™00 X7+ ((1+ Kn) S K —aoo> X 20 (B8a)

m m

: O,

C,=Cq = SK xXZ= 1+OOK Xz (B3) These equations represent straight lines with identical

) o ) ) _ slopes but and a constant concentration offset between them.
and the ocean interior, the net effect of advection can be ne-

glected and3°Th has a linear profile over the whole basin. ci—cm~(a+kK) (4K, xz (B9
. . X Si Ki Sm Km
B2 Close to the surface or if the residence time of the
water is very long So that:
Close to the surface or if the residence time of the water iqC; —¢" ~ <1+Ki _ 1+K’") X 20 (B10)
very long: z/zo<« 1 P SiKi  SmKm
Then If the scavenging rate and the settling speed are much
@ 1 L (B4)  greater in the ocean margi,{K,, <S;K;), Eq. (B10) and
0 (A21) become:

Substituting Eq. (B4) in (A26a) )
C;—C" 1+K;

~ X 20 (B11)
: (o™ P (o Z P SiKi
Ci~ ><z—|—( — )xz()x(—) (B5)
(1+K;) S K; (1+K;) 20 F (1+Kl) -1
So that W (Vl SiKi ) (B2
: P
Ci~—— B6a So that
ok (B6a) |
1 __m . g
and similarly for Eq. (B4) in (A26b) GG JA+K) Vi (B13)
P P Si K; F
C;rn ~ XZ (B6b) ci—cm . ) . . .
SmKm ~5 is the time required to generate this concentration

Close to the surfacez4>0) or if the residence time of difference by in situ radioactive production assuming that
the water is very long in both margiand the open ocean there is no scavenging, i.e., approximately the time spent by
(zo—+00), the effect of lateral transport is negligible and the the water mass in the open ocean since it left the ocean mar-
profiles are identical to those obtained without advection. At9in (z:)- In fact, itis lower tharr;, because scavenging in the
the sea surface£0), C;,=Ci, =0, so that there is no horizon- OPen ocean removes part of the nuclides produced duying
tal concentration gradient and the effect of lateral transportis  Ultimately, asz increases, the second term of the right
null. In contrast, at the sea surface, the vertical concentraband-side of Eq. (B8a) and (B8b) becomes negligible, so that
tion gradient is not equal to zero so that the vertical transporth€se equations become
entirely balances the in situ production. ;

1~
As a consequence, it may be safe to determine the settling’ 000 X2 (Bl4a)
speed of marine particles witi®Th data collected in the up- and
per part of the water column rather than with the deep water
data that are more affected by boundary scavenging. Cl"~ 000 X2 (B14b)
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It means that when the water residence time is small comAcknowledgementsThe author thanks C. Jeandel for her encour-
pared to scavenging time in one of the reservoir at least, th@gements to achieve this project. The comments of C. Jeandel, C.
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B4 Comparison of the boundary scavenging profile Edited by: C. Heinze

model with Venchiarutti et al. (2008)

If V;>V,, and (Sl}r/—KK)>> S(lf;gr‘:) (the inner ocean is much

larger than the ocean margin and despite a lower scavengi
rate in the inner ocean most of th&Th is scavenged in the
inner ocean because its volume is so large compared to th
margin).

Equation (A24) can be approximated by:
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o0~ (14 Ki) < (B15)
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