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Abstract

We present a detailed view of the 230Th^232Th systematics in the western Mediterranean Sea in order to constrain
water and particle fluxes. The conclusions obtained at the regional scale are also relevant at a more global scale
although they may be more difficult to establish in the open ocean. 230Th and 232Th were analyzed in size-fractionated
seawater and marine particle samples collected in the Ligurian, Alboran and Ionian seas. The 230Thxs (230Th produced
by the radioactive decay of 234U in seawater) profiles at DYFAMED and in the Alboran sea site are not linear due to
the formation of deep waters. The difference of 230Thxs concentration between these two sites is related to the aging of
the water masses and to different scavenging conditions. The 230Th/232Th ratio is used as a tracer during mixing
processes to provide information on the pathways followed by the matter in the water column. At DYFAMED, filtered
(6 0.2 Wm) and ultrafiltered (6 1 kDa) solutions have similar 230Th/232Th ratios, suggesting that an equilibrium exists
between truly dissolved and colloidal Th. The change of the Th flux and of the 230Th/232Th ratio of trapped particles
observed in August between 200 m and 1000 m is best explained by aggregation of filtered large particles on the trapped
particles. The residence time of filtered large particles with respect to aggregation on trapped particles is of the order of
8^80 days. The combined budget of 230Th and 232Th inputs to the western Mediterranean Sea requires the dissolution of
3^5% of the Th associated with all the continental particulate inputs (including particles sequestered in margins)
suggesting that eolian inputs are not the only source of refractory elements to the Mediterranean Sea and may be to the
whole ocean. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Understanding the particle dynamics in the
western Mediterranean Sea has strong implica-

tions for the local carbon cycle [1] and the fate
of anthropogenic pollutants [2]. Particulate trans-
port involves physical, chemical and biological
processes and sometimes non-steady-state condi-
tions [1^4]. Thorium isotopes can be used to con-
strain these processes because: (1) Th is insoluble
and strongly associated with the particulate mat-
ter and (2) the inputs of Th short-lived isotopes
by radioactive decay are precisely known. The
study of 234Th (t1=2 = 24 days) in the Ligurian
Sea indicates that particle removal from the sur-
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face water is controlled by zooplankton grazing
[5]. Other thorium isotopes with longer half-lives
such as 232Th (t1=2 = 1.4U1010 yr) and 230Th
(t1=2 = 75 000 yr) can bring additional and distinct
information, because 232Th (derived from conti-
nental material) and 230Th (mostly produced in
situ by radioactive decay of 234U in seawater)
have distinct sources in the ocean [6]. 230Th and
232Th data in the Mediterranean Sea are very
scarce [7,8]. We report the ¢rst extensive data
set of 230Th and 232Th in size-fractionated samples
from the western Mediterranean Sea. First, we use
the 230Th chronometer [9] to evaluate 230Th scav-
enging rates and the in£uence of water mixing on
the 230Th pro¢les. Then, we use the 230Th/232Th
ratio as a source tracer during processes involving
mixing of matter from di¡erent origins (solution/
colloid interactions, aggregation of particles). The
230Th chronometer and the 230Th/232Th ratio are
combined to evaluate the £ux of 232Th in seawater
by dissolution of lithogenic material.

2. Sampling and analytical procedure

2.1. Sampling

The DYFAMED (DYnamique des Flux At-
mosphe¤riques en MEDiterrane¤e) station (Fig. 1)
is located in the western basin of the Mediterra-
nean Sea, 30 nautical miles (54 km) o¡ Nice
(43‡25PN, 07‡54PE, maximum depth: 2200 m).

This site was chosen to study the vertical trans-
port of particulate matter in the water column
from the surface to the sediment because it re-
ceives strong eolian inputs but it is protected
from direct riverine inputs by the Ligurian cur-
rent. Un¢ltered, ¢ltered (0.2 Wm) and ultra¢ltered
(1000 Da) seawater samples and ¢ltered large
(s 60 Wm) particles were collected on a vertical
pro¢le at the end of the summer of 1996 at the
DYFAMED site. Seawater was collected with 30 l
Niskin bottles. Depths were determined with SIS
pressure sensors. Some seawater samples were ¢l-
tered on board with a Sartorius cross-£ow ¢ltra-
tion system associated with a 0.2 Wm ¢ltration
cartridge. Filtered and un¢ltered samples were
acidi¢ed on board to prevent Th sorption on the
container walls. Some ¢ltered samples remained
unacidi¢ed and were ultra¢ltered one month later
with the Sartorius cross-£ow ¢ltration system as-
sociated with a 1 kDa polysulfone ¢ltration car-
tridge [10]. Initially, the membrane was cleaned
with NaOH 2%, distilled water, H3PO4 0.1%
and distilled water. Between samples, 500 ml of
distilled water and a 1 l aliquot of the sample to
be analyzed were passed to precondition the mem-
brane but the ¢ltrate was discarded. Then, the
sample was processed and the ¢ltrate was recov-
ered for analysis. Colloids were concentrated in
the retentate by a factor 5^10 but they were not
analyzed. Large particles were collected by ¢ltra-
tion on Te£on grids (diameter : 142 mm, pore size
60 Wm) with in situ pumps (MARK II, Challenger

Fig. 1. Location of the sampling sites.
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Oceanic). Particulate matter was collected at 200
and 1000 m during the 1994 DYFAMED sedi-
ment trap time series. The treatment of the
trapped material is published elsewhere [1].
Trapped particles from three periods were ana-
lyzed: from 25 January to 9 February and from
24 February to 11 March (bloom period); from
24 August to 8 September (oligotrophic condi-
tions).

Seawater and small ¢ltered particle samples
were collected during the Alboran Sea HFF ex-
periment (WP2-T213) at Station C (36‡0P16QN,
4‡15P58QW, maximum depth: 1270 m). Un¢ltered
seawater samples were acidi¢ed on board. Small
particles were collected by ¢ltration of large vol-
umes of seawater on Durapore ¢lters (diameter :
142 mm, pore size 0.6 Wm) with in situ pumps
(MARK II, Challenger Oceanic).

An un¢ltered seawater sample was collected in
the Ionian basin, South of Mecine Strait (Prosope
cruise, Station 15, 37‡22.523PN and 15‡36.729PE,
maximum depth: 2148 m) to characterize the
water £owing from the eastern basin to the west-
ern basin.

2.2. Chemical analyses

2.2.1. Seawater
229Th and Fe carrier were added to the seawater

samples. After a week of isotopic equilibration,
pH was raised to 8^9 with NH3 to produce
Fe(OH)3. The precipitate was recovered by centri-
fugation and dissolved in HNO3. The resulting
solution was centrifuged to remove a residual
SiO2 gel. This gel was dissolved in a
HF+HNO3+HClO4 mixture, dried and re-dis-
solved in HNO3: The supernatant and the solu-
tion resulting from the precipitate dissolution
were mixed together and passed through anionic
ion exchange columns to purify Th [6]. For 10 l of
seawater, blanks are 232Th = 58 þ 20 pg (blank
correction = 5%) and 230Th = 0.25 þ 0.17 fg (blank
correction = 1%) for un¢ltered samples,
232Th = 179 þ 20 pg (blank correction = 6^12%),
230Th = 1.1 þ 0.5 fg (blank correction = 1^7%) for
¢ltered samples and 232Th = 263 þ 65 pg (blank
correction = 13^28%) and 230Th = 4 þ 1 fg (blank
correction = 4^17%) for ultra¢ltered samples.

2.2.2. Particles
Large ¢ltered particle samples were placed in a

hot 5% HCl solution for a day to remove the
particles from the Te£on grids. The particles
were dissolved in aqua regia. For bulk samples,
this solution was dried and the residue was dis-
solved in HNO3 16 N. Residual solids were sepa-
rated by centrifugation, dissolved in HF-HNO3-
HClO4, dried and re-dissolved with HNO3 16 N.
The separation prevented the Ca2þ ions released
in HCl and aqua regia from precipitating as
CaF2. After complete dissolution of the residual
solids, the two solutions were mixed back togeth-
er. For some samples, the aqua regia leachate and
the residual particles were analyzed separately in
an attempt to separate the authigenic and litho-
genic fractions. Trapped particles collected at
DYFAMED were dissolved in 1 ml of aqua regia.
The solution was dried and the residue was dis-
solved in HF-HNO3-HClO4, dried and dissolved
in HNO3 16 N. The ¢ltered suspensions from the
Alboran Sea were leached with 25% acetic acid to
separate the authigenic Th from the lithogenic
fraction. For all the particulate samples, after
complete dissolution, 229Th spike was added and
the Th was puri¢ed with an anionic ion exchange
column [6]. Typical blanks are 232Th = 40 þ 20 pg
(blank correction = 0^12%) and 230Th = 0.6 þ
0.4 fg (blank correction = 0^33%), except for
acetic acid leachates where blanks are
232Th = 55 þ 15 pg (blank correction = 8^81%)
and 230Th = 1.3 þ 1.3 fg (blank correction = 100%).

2.3. Mass spectrometry

Puri¢ed Th was analyzed by TIMS on a Fin-
nigan Mat 261 mass spectrometer equipped with a
Spectromat ion counting system. Samples were
loaded on single ¢laments with a colloidal graph-
ite matrix [6]. All isotopes were measured by
peak-switching on an ion counter. The abundance
sensitivity at 2 mass unit was typically 0.7 ppm.
This contribution was corrected by measuring the
baseline on mass 229.5 and mass 230.5 and by
subtracting the mean value from the signal mea-
sured on mass 230. For a sample with 230Th/232Th
as low as 4.5U1036 (the least favorable case),
there was a 16% correction and we estimate that
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the non-linearity of the baseline introduced less
than 4% of error (which is less than the statistical
uncertainty for the samples with low 230Th/232Th
ratios). For samples with higher ratios, this base-
line contribution becomes very low. The agree-

ment between the measured 230Th/232Th ratio
and the recommended value [11] of a Th standard
indicates that the accuracy of the TIMS measure-
ment is typically better than 2%.

Table 1
Th isotope concentrations in seawater at the DYFAMED site

Depth Volume 232Th 230Th 230Th/232Th 230Thxs

(m) (l) (pg/kg) (fg/kg) (U106) (fg/kg)

Un¢ltered samples
20 A 11 285 þ 4 3.7 þ 0.1 13.0 þ 0.5 2.4 þ 0.2
200 A 11 249 þ 7
200 B 11 247 þ 3 3.6 þ 0.1 14.7 þ 0.5 2.5 þ 0.1
500 A 10 377 þ 17 7.6 þ 1.3 20 þ 5 5.9 þ 1.4
1000 A1 5 221 þ 6 6.2 þ 0.2 28.1 þ 1.4 5.2 þ 0.3
1000 A2 6 209 þ 7 5.7 þ 0.2 27.3 þ 1.4 4.7 þ 0.3
1000 B 11 235 þ 5 5.9 þ 0.2 25.4 þ 1.2 4.9 þ 0.3
1500 A 11 171 þ 4 4.5 þ 0.1 26.7 þ 1.0 3.8 þ 0.1
2000 A 12 152 þ 4 6.0 þ 0.2 40.1 þ 1.4 5.4 þ 0.2
Filtered samples (6 0.2 Wm)
20 A 10 181 þ 4 2.5 þ 0.2 13.9 þ 1.1 1.7 þ 0.2
20 A 11 198 þ 3 2.2 þ 0.3 11.3 þ 1.4 1.3 þ 0.3
75 A 11 219 þ 4 2.0 þ 1.8 9.3 þ 8 1 þ 2
200 A 11 229 þ 4 3.4 þ 0.2 15.1 þ 0.7 2.4 þ 0.2
500 A 10 212 þ 4 4.4 þ 0.3 20.7 þ 1.5 3.4 þ 0.3
1000 A1 6 176 þ 4 5.0 þ 0.2 28.6 þ 1.5 4.2 þ 0.1
1000 A2 1 180 þ 23 5.1 þ 0.6 28.3 þ 5.0 4.3 þ 0.7
1000 A3 1 176 þ 21 4.5 þ 0.6 25.7 þ 4.5 3.7 þ 0.7
1500 A 10 174 þ 10 4.8 þ 0.3 27.8 þ 2.3 4.0 þ 0.3
2000 A 10 145 þ 10 3.9 þ 0.2 29.2 þ 2.5 3.6 þ 0.3
Ultra¢ltered samples (6 1 kDa)
20 9 106 þ 10 1.5 þ 0.4 14 þ 4 1.0 þ 0.4
200 7 84 þ 11 2.0 þ 0.5 24 þ 8 1.7 þ 0.5
1000 6 138 þ 10 2.6 þ 0.2 19 þ 3 2.0 þ 0.2

Table 2
Th isotopes in large ¢ltered particles (s 60 Wm) collected at the DYFAMED site

Sample Depth Filtered volume 232Th 230Th 230Th/232Th 230Th
(m) (pg/kg) (fg/kg) (U106) (fg/kg)

DYF5 bulk 25 1566 2.36 þ 0.02 0.0145 þ 0.0012 6.2 þ 0.5 0.0042
DYF10 leachate 25 1195 2.12 þ 0.11 0.0110 þ 0.0022 5.2 þ 1.3 0.0015
DYF10 residue 25 1195 0.37 þ 0.004 0.0017 þ 0.0007 4.6 þ 1.9 0.00004
DYF3 bulk 990 761 8.53 þ 0.07 0.087 þ 0.004 10.3 þ 0.5 0.0490
DYF1 bulk 1000 667 9.71 þ 0.09 0.113 þ 0.009 11.7 þ 1.0 0.0696
DYF9 leachate 990 767 6.03 þ 0.05 0.0710 þ 0.0015 11.9 þ 0.3 0.0441
DYF9 residue 990 767 0.90 þ 0.00 0.0054 þ 0.0004 6.1 þ 0.5 0.0014
DYF7 leachate 1010 835 7.27 þ 0.03 0.080 þ 0.002 11.1 þ 0.4 0.0473
DYF7 residue 1010 835 0.95 þ 0.02 0.0063 þ 0.0008 6.7 þ 1.0 0.0021

Th present in soluble phases was separated from Th present in more refractory mineral by dissolution of the soluble phases in
aqua regia. These dissolutions yielded a leachate and a residue. Th present in soluble phases was analyzed in the leachate whereas
Th present in refractory phases was analyzed in the residue. For bulk analysis, the leachate and residue were mixed together pri-
or to analysis (see text for details).
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3. Results

230Th and 232Th concentrations in seawater and
particle samples are given in Tables 1^4. Thorium
concentrations are expressed in pg/kg for 232Th
(1 pg/kg = 0.000246 dpm/103 kg) and in fg/kg for
230Th (1 fg/kg = 0.0459 dpm/103 kg) whereas all
isotopic ratios are expressed in atoms/atoms.
230Th and 232Th pro¢les in seawater are shown
in Fig. 2. At DYFAMED, 232Th concentrations
range from 145 pg/kg to 229 pg/kg in ¢ltered sea-
water and from 152 pg/kg to 377 pg/kg in un¢l-
tered seawater. 230Th concentrations range from
2 fg/kg to 5.1 fg/kg in ¢ltered seawater and from
3.6 fg/kg to 7.6 fg/kg in un¢ltered seawater. High-
er Th concentrations are found in the Alboran

and Ionian seas: 232Th concentrations in un¢l-
tered seawater range from 321 pg/kg to 517 pg/
kg and 230Th concentrations range from 6.3 fg/kg
to 18.1 fg/kg. Replicates made on some ¢ltered
and un¢ltered samples of di¡erent sizes demon-
strate the good reproducibility of the results.
The 232Th content of the Mediterranean samples
is on the high side of the Atlantic values (22^349
pg/kg [12]) re£ecting the strong local contribution
of continental inputs. The 230Th content of the
Mediterranean samples is equal or higher than
the Atlantic values (2^9 fg/kg between 0 and
2000 m [12]) and signi¢cantly higher than in the
Mauritania upwelling (0.5^2.4 fg/kg between 0
and 2000 m [13]). The 230Th/232Th ratios of sea-
water range from 9U1036 to 40U1036 at DY-

Table 3
Th isotope concentrations in the DYFAMED sediment trap time series

Date Depth Mass £ux 232Th 230Th 230Th/232Th 230Thxs
a 230Thxs£ux

(1994) (m) (mg/m2/day) (Wg/g) (pg/g) (U106) (pg/g) (pg/m2/yr)

25/01^09/02 200 101 15.1 þ 0.2 77 þ 6 5.1 þ 0.4 11 412
25/01^09/02 1000 106 10.4 þ 0.1
24/02^11/03 200 149 8.6 þ 0.08 39 þ 3 4.6 þ 0.3 1.3 73
24/02^11/03 1000 363 10.8 þ 0.1 55 þ 3 5.1 þ 0.3 7.3 973
24/08^08/09 200 15 1.78 þ 0.02 10.6 þ 0.6 6.0 þ 0.3 2.9 15
24/08^08/09 1000 19 4.66 þ 0.02 35 þ 2 7.7 þ 0.3 15 103
a Based on 230Th/232Th = 4.4U1036 in the lithogenic material.

Table 4
Th isotope concentrations in the Alboran Sea and Ionian Sea

Depth Volume 232Th 230Th 230Th/232Th 230Thxs

(m) (l) (pg/kg) (fg/kg) (U106) (fg/kg)

Alboran Sea
Un¢ltered seawater
45 5 321 þ 26 6.5 þ 0.9 22.7 þ 1.5 5.0 þ 1
200 5 469 þ 26 12.6 þ 1 27 þ 2.6 10.5 þ 1
1000 5 517 þ 16 18.1 þ 2.2 35.3 þ 4.4 15.8 þ 2.3
Filtered particles (s 0.6 Wm): labile fraction
45 30 0.6 þ 0.8 bdl
200 80 4.5 þ 0.4 bdl
1000 200 2.0 þ 0.2 bdl
Filtered particles (s 0.6 Wm): refractory fraction
45 30 81 þ 3 0.80 þ 0.15 9.9 þ 2 0.44 þ 0.15
200 80 134 þ 2 0.68 þ 0.15 5.1 þ 1 0.09 þ 0.15
1000 200 140 þ 3 0.95 þ 0.08 6.8 þ 1 0.33 þ 0.09
Ionian Sea
Un¢ltered sample
600 1.5 439 þ 16 6.3 þ 0.5 14.5 þ 1.6 4.4 þ 0.5

bdl: below detection limit.
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FAMED, from 23U1036 to 35U1036 in the Al-
boran Sea and a value of 14.5U1036 was mea-
sured in the Ionian Sea.

In the ocean, most 230Th is derived from the
radioactive decay of 234U in seawater. However,
when lithogenic inputs are high, the lithogenic
230Th contribution cannot be neglected. The
230Th produced by the in situ decay of 234U in
seawater (230Thxs) is calculated by subtracting
the lithogenic 230Th component to the total 230Th:

230Thxs ¼ 230Thmeasured3
232Thmeasured

230Th
232Th

� �
litho

ð1Þ

with (230Th/232Th)litho = 4.4U1036 based on a
mean 232Th/238U = 3.8 (atom/atom) of the conti-
nental crust [14] and on the 230Th/232Th ratio of
lithogenic-rich particulate matter collected in the
Ligurian Sea [15]. Hence, around 35% of the total
230Th has a lithogenic origin and only 65% is pro-
duced in situ in the 20 m seawater samples of
DYFAMED (Table 1). The 230Thxs content in
seawater is larger in the Alboran Sea than at DY-
FAMED indicating di¡erences in the transport of
Th between the two sites.

In the DYFAMED ultra¢ltered samples, 36^
78% of the 232Th and 47^77% of the 230Thxs

present in the ¢ltered samples are still present in
the 6 1 kDa fraction. We cannot rule out that
some truly dissolved Th was lost by adsorption

on colloids or on the container walls during the
month of storage or on the ultra¢ltration mem-
brane [16]. However, our results are consistent
with the fraction of 234Th passing through 1 kDa
membranes (25^89%) for experiments that do not
involve long storage before ultra¢ltration [17].
Even if adsorption occurred, it did not modify
the 230Th/232Th ratio of the truly dissolved Th
since both isotopes should be adsorbed at the
same rate (isotopes of a heavy element have the
same chemical behavior in solution) and it is le-
gitimate to compare the 230Th/232Th ratios of the
¢ltered and ultra¢ltered solutions. Therefore, a
key result is that the 230Th/232Th ratios of these
solutions are not very signi¢cantly di¡erent.

Direct analysis of small ¢ltered particles from
the Alboran Sea indicates that 25^33% of the
232Th in the water column is associated with small
¢ltered particles. Most particulate Th is not solu-
ble in acetic acid indicating a refractory nature.
The 230Th/232Th ratio is lower in these particles
than in the surrounding water. At DYFAMED,
the 232Th content (0^165 pg/kg or 0^43% of 232Th
in seawater) and the 230Th/232Th ratio (15 þ 5) of
small particles can be estimated by comparing ¢l-
tered and un¢ltered samples. Large uncertainties
on the 230Th/232Th ratios are due to small di¡er-
ences between the ¢ltered and un¢ltered water
concentrations. At DYFAMED, ¢ltered large
particles contain less than 5% of the Th in sea-
water. The 230Th/232Th ratio of ¢ltered large par-

Fig. 2. Thorium isotope concentration pro¢les in water samples. (A) 232Th pro¢le in pg/kg. (B) 230Th pro¢le in fg/kg.
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ticles is signi¢cantly lower than the 230Th/232Th
ratio of seawater. Aqua regia was used in an at-
tempt to separate authigenic Th from silicate-
bounded Th more e⁄ciently than with acetic
acid leaching. As expected, the refractory Th has
a low 230Th/232Th ratio but the leachate may con-
tain some lithogenic Th.

The 232Th content of trapped particles (Wg Th/g
trapped particles) ranges from 1.8 to 15 Wg/g (Ta-
ble 4). For a given period, the 230Thxs £ux in-
creases with depth as expected for this in situ-
produced particle-reactive long-lived isotope.
More surprisingly, the 232Th £ux increases with
depth in spring and summer, whereas a constant
£ux would have been expected for a lithogenic
tracer. The signi¢cant increase of the 230Th/232Th
ratio with depth indicates that some seawater-de-
rived Th was added to the particles during their
settling.

4. Discussion

4.1. The role of water circulation in the transport
of 230Th

At the Gibraltar Strait, Atlantic surface water
enters the Alboran Sea and £ows in the western
Mediterranean Sea as Modi¢ed Atlantic Water
(MAW) where it follows a cyclonic path that pro-
duces the Liguro^Provenc°al current along the
Riviera [18]. MAW occupies the upper 150 m of
the water column. Some surface water £ows
through the Sicily strait in the Eastern basin. Le-
vantine Intermediate Water (LIW) enters the
western basin through the Sicily Strait [19]. At
the DYFAMED site, LIW is found around 500
m. It follows a cyclonic path and leaves eventually
the Western basin for the Alboran Sea and the
Gibraltar Strait. The North Western Mediterra-

Fig. 3. Principle and result of the advection^scavenging model. (A) Schematic representation of the model: Th is carried by the
reversible scavenging on particles and by lateral advection of water. A mixture of surface and intermediate waters is introduced
uniformly throughout the water column and this £ow is balanced by the lateral removal of seawater at the same rate. (B) Mea-
sured and modeled total 230Thxs pro¢les. DYFAMED: ¢lled squares: 230Thxs measured in un¢ltered samples. Curve 1: dw = 4.5
yr and ds = 20 yr. Curve 2: dw = 20 yr and ds = 4.5 yr. Alboran Sea: open circles: 230Thxs measured in un¢ltered samples. Curve
3: dw = 20 yr and ds = 50 yr.
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nean Deep Waters (NWMDW) are formed during
winter in the Gulf of Lyon and in the Ligurian
Sea where dense waters can reach the sea£oor
[20,21]. They are found below the LIW and
down to the sea£oor. They also follow a cyclonic
path. Some deep waters are uplifted in the Albor-
an Sea and they £ow in the Atlantic Ocean
through the Gibraltar Strait [22].

The transport of 230Th is often modeled by con-
sidering a system at steady state where the in situ
production is balanced by a reversible scavenging
on settling particles and where water mass trans-
port can be neglected [6,9,23]. In this case, a linear
increase of dissolved and particulate 230Th with
depth is expected and often observed. The
230Thxs pro¢les in the Alboran Sea and at DY-
FAMED are not linear and they have di¡erent
Th levels. Since the production rate of 230Th by
in situ radioactive decay of 234U is almost con-
stant in seawater, it re£ects di¡erences in scaveng-
ing and transport of Th. The ventilation of the
water column produces 230Th pro¢les with con-
stant concentrations at depth when the renewal
time of the water (dW) is short compared to the
230Th residence time with respect to scavenging
for the entire water column (ds) [24]. We apply a
conceptual model derived from [24] to the venti-
lation of the western basin. We assume that (Fig.
3A):

b Th is carried throughout the water column by
reversible scavenging on particles at a rate d

31
s .

b the water column is renewed at all depths by
surface and intermediate waters introduced uni-
formly at a rate d

31
w and that this £ow is bal-

anced by the lateral removal of seawater at the
same rate. We consider that the 230Thxs concen-
tration of the in£owing water is 230Thin

xs = 2.5 fg/
kg (corresponding to the 20^200 m values at
DYFAMED).
The transport equation is :

d230Thxs

dt
¼

3
h

2d s

d230Thxs

dz
3

1
dw
ð230Thin

xs3
230ThxsÞ þ P ð2Þ

where h is the water column depth and P ( = 0.65
fg/kg) is the in situ production rate. Assuming a
steady state (d230Thxs/dt = 0), the evolution of the
230Thxs concentrations with depth (z) is given by:

230Thxs ¼ ð230Thin
xs þ PdwÞU 13exp 3

2d s

dw

z
h

� �� �
ð3Þ

At DYFAMED, a reasonable ¢t of the data is
obtained with dw = 4.5 yr and ds = 20 yr (Fig. 3B).
It is not possible to adjust properly the model to
the data with dw = 20 yr and ds = 4.5 yr, because it
yields a quasi-linear pro¢le (scavenging is much
faster than ventilation). The deep water renewal
time of 4.5 yr is short compared to water resi-
dence time in the Algero^Provenc°al basin. The
dw value estimated at DYFAMED may not be
representative of the whole basin because DY-
FAMED is close to or even within the zone of
deep water formation (deep waters are formed
through small chimneys that are di⁄cult to ob-
serve and deep waters formed elsewhere in the
Ligurian Sea may feed the DYFAMED area
through lateral transport). Similarly, a short re-
newal time (11 yr) of the Deep Western basin
based on tritium data in the Gulf of Lyon was
explained by the e⁄cient ventilation in this area
[25].

On the contrary, the Alboran Sea receives in-
termediate and deep waters just before they £ow
out of the Algero^Provenc°al basin. The high
230Thxs concentrations found in the Alboran Sea
(Fig. 3B) re£ect larger values of dw (dw = 20 yr)
and ds (ds = 50 yr). This value of dw agrees with
the estimated residence time of deep water in the
Algero^Provenc°al basin but is much larger than
the water residence time in the Alboran sea itself
based on salt and heat budget (dwV0.5 yr [19]).
Therefore, the 230Th concentrations in the Albor-
an Sea re£ect the scavenging history experienced
by NWMDW and LIW before their arrival in the
Alboran Sea and the mixing between MAW, LIW
and NWMDW.

The 230Thxs content of the deep water is con-
trolled by the ventilation rate rather than by scav-
enging (d31

w Ed
31
s ). Therefore a change in dw over
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several years should have an impact on the
230Thxs content of the deep water. It suggests
that 230Thxs can be used as a tracer of the deep
water formation rate.

4.2. The cycling of dissolved and colloidal Thorium

In marine environments, truly dissolved Th is
rapidly adsorbed on colloidal particles [26]. The
long residence time of Th in seawater re£ects the
residence time of these colloids with respect to
aggregation on larger particles [27]. 234Th has
been extensively used to study the fate of colloidal
matter [17]. 230Th and 232Th are used here to gain
further insight in the colloid thorium dynamics.
The 230Th/232Th ratios of the 6 1 kDa fraction
are close to the 230Th/232Th ratios of ¢ltered sam-

ples (although the agreement is not very good at
1000 m, possibly due to a slight contamination).
It is remarkable that the in situ-produced 230Th is
not strongly enriched in the 6 1 kDa fraction
compared to the lithogenic 232Th. Therefore the
colloidal material does not seem strongly enriched
in lithogenic material and an equilibrium must
exist between truly dissolved and colloidal Th to
ensure this similarity of 230Th/232Th ratio. An
upper limit to the time required to establish this
equilibrium is given by sum of the colloid resi-
dence time (5^50 days) and of the sample storage
(1 month). Scavenging rates of truly dissolved Th
derived from irreversible scavenging models may
be underestimated because this equilibrium is not
taken into account [17].

Fig. 4. Schematic evolution of the vertical Th £ux between 200 m and 1000 m. The increase of 232Th £ux and the shift of 230Th/
232Th ratio in the sediment trap between 200 m and 1000 m require an addition of thorium with an average isotopic ratio of
230Th/232Th = (8.2 þ 0.8)U1036. Among the possible sources, the reservoir of the ¢ltered large particles is the only one that ful¢ls
Th and Pb isotope conditions.
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4.3. Evolution of the particulate matter £ux at
DYFAMED

When the particulate matter falls through the
water column, it experiences changes through pro-
cesses such as aggregation or disaggregation.
Understanding these changes is important for
the present carbon budget as well as for many
paleoproxy calibrations. Here, we use the 230Th/
232Th ratio to evaluate the in£uence of aggrega-
tion on the evolution of the particle £ux. We fo-
cus on the August/September period for which we
have seawater, ¢ltered and trapped particle data
(Fig. 4). The increase of the mass £ux with depth
does not re£ect only aggregation^disaggregation
because the mass £ux is also modi¢ed by organic
matter mineralization. Because there is little par-
ticulate Th dissolution [15], the increase of Th £ux
represents the net e¡ect between aggregation, dis-
aggregation and adsorption of dissolved Th. We
call P the fraction of 232Th in the material trapped
at 1000 m that was aggregated between 200 and
1000 m. If no disaggregation occurred,
P= (F232

1000m3F232
200m)/F232

1000m = 70% and if the par-
ticles sinking from 200 m were fully disaggregated
before reaching 1000 m, P= 100%. The 230Th/
232Th ratio of trapped particles changed from
6.0U1036 at 200 m to 7.7U1036 at 1000 m indi-
cating that Th with 230Th/232Th = 7.7U1036 was
added to trapped particles. We consider that Th
in the 1000 m trapped particles is a mixture of Th
from the 200 m trapped particles and from an
additional reservoir (seawater, small particles or
¢ltered large particles, Fig. 4). If a and (13a)
are the 232Th fractions from the additional reser-
voir and from the 200 m trapped particles in the
mixture, a is determined independently of the £ux
data by:

a ¼

230Th
232Th

� �
3

M

230Th
232Th

� �
B

230Th
232Th

� �
3

A

230Th
232Th

� �
B

ð4Þ

The fractions of additional Th are aseawater = 7^
19%, aSFP = 12^100% and aLFP = 28^100% if the
additional Th was provided by seawater, small
or ¢ltered large particles respectively. By compar-

ing a and P, it appears that the direct adsorption
of dissolved Th cannot satisfy both isotopic and
£ux balances. On the other hand, both small and
¢ltered large particles can satisfy these balances.
Pb isotope data obtained on the same sediment
trap samples argue against an extensive aggrega-
tion of small ¢ltered particles on the settling par-
ticles at this site and during this particular time
series [28]. Therefore, only ¢ltered large particles
can represent the additional source of material to
the trapped particles. It appears that ¢ltered large
particles, that are rarely sampled or considered in
particle transport models, play a key role in the
evolution of the trapped £ux. The apparent set-
tling velocity of ¢ltered large particles due to ag-
gregation on trapped particles is 232ThLPF/
F232

aggr = 8^80 m/day where 232ThLFP is the average
concentration in seawater of 232Th associated to
¢ltered large particles and F232

aggr is the £ux of 232Th
aggregated onto trapped particles between 200 m
and 1000 m. This is signi¢cantly larger than
the settling speed of small particles v =
h/(2UdsU0.2) = 0.7 m/day that can be derived
from the ventilation/scavenging model consid-
ering that 20% of 230Th is carried by small parti-
cles.

To evaluate P, we assumed that both traps had
the same collection e⁄ciency. Low trapping e⁄-
ciencies are often observed for shallow traps
[29,30] and the increase of the 232Th £ux between
200 and 1000 m could re£ect a low trapping e⁄-
ciency of the 200 m trap. However, during the
August period, the currents measured at 200 and
1000 m are 6 2 cm/s (J.-C. Miquel, personal com-
munication) whereas low trapping e⁄ciencies are
observed mostly for higher current speed [31,32].

Finally, it must be noted that 232Th £uxes in-
creasing with depth in the Atlantic Ocean are at-
tributed to the lateral transport of particulate
matter from the continental margin rather than
to trapping e⁄ciency problems [33]. Similarly,
material transported from the slope could contrib-
ute to the material aggregated on trapped par-
ticles at DYFAMED. It would have strong impli-
cations for the particulate £ux study at
DYFAMED (in particular for particulate organic
carbon), because only vertical particulate trans-
port is considered usually at this station.
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4.4. Dissolution of lithogenic particulate inputs in
the western Mediterranean Sea

The natural sources and the dissolution extent
of lithogenic matter and the resulting £uxes of
refractory elements to the Mediterranean Sea or
to the ocean are poorly constrained [34]. Here, we
present an original method to evaluate the £ux of
232Th in seawater by dissolution of lithogenic ma-
terial. The average 230Th/232Th ratio of the west-
ern basin is the result of the external £uxes of
230Th and 232Th and of the in situ production of
230Th (Table 5). Eolian and riverine particulate
matter provides the largest Th £uxes but only a
small fraction of this particulate Th is dissolved in
seawater. The riverine £ux of particulate Th given
in Table 5 corresponds to the total load of the
rivers, but only 10% of this load reaches the
open sea, the remaining 90% being trapped on
margins [35]. It is not known if this sequestered
material contributes to the budget of dissolved
Th. The main £ux of dissolved 230Th is due to
in situ production so that it is precisely known
and the £ux of dissolved 232Th can be precisely
determined by calibration with the 230Th £ux. At
steady state, the mean 230Th/232Th ratio of the
western basin is:

230Th
232Th

� �
W:B:
¼ PT þ FG

230ThG þ FS
230ThS þ F rd

230Thrd þ ðF eol þ AF rpÞ230ThlithoD
FG

232ThG þ FS
232ThS þ F rd

232Thrd þ ðF eol þ AF rpÞ232ThlithoD
ð5Þ

Table 5
Thorium £uxes to the western Mediterranean Sea

Water £ux 232Th 230Th Particle £ux 232Th 230Th 232Th £ux 230Th £ux
(106 kg/s) (pg/kg) (fg/kg) (106 g/s) (Wg/g) (pg/g) (g/s) (1036 g/s)

Gibraltar Strait 1110 45 2 0.049 2. 2
Sicily Strait 1242 439 6.3 0.52 7.5
Rivers (dissolved) 3.3 100 0.5 0.0003 0.0015
Rivers (particulate) 1.5 10 44 15 67
Aerosols 0.38 10 44 3.8 17
In situ production 29
Dissolved from particlesa 0.9 þ 0.3 4.0 þ 1.5
a See text for calculation. Water and particulate matter £uxes are taken from [19,35]. 230Th and 232Th data are from [12,14,36]
and from this work for the LIW £owing from the eastern basin. 230Th concentrations of riverine and eolian material based on a
ratio 230Th/232Th = 4.4U1036 [14]. In situ production of 230Th ( = 3.25 dpm/l = 0.65 fg/l/yr) is estimated from 234U concentration
in Mediterranean waters [37] and the volume of the western Mediterranean Sea (1.42U106 km3).

where FG, FS and Frd are the water £uxes from
the Gibraltar Strait, the Sicily Strait and the riv-
ers; Feol and Frp are the £ux of eolian and riverine
particles ; ThG, ThS and Thrd are the concentra-
tions in the Atlantic, Levantine Intermediate and
river waters; Thlitho is the Th concentration in the
lithogenic material ; A is the fraction of riverine
particles that interact with seawater ; D is the frac-
tion of Th dissolution from the particles (we as-
sume that it is the same for riverine and eolian
inputs) and PT is the total 230Th in situ produc-
tion in the basin.

The average 230Th/232Th ratio is 24U1036 at
DYFAMED and 35U1036 in the Alboran Sea
deep water. We consider that 24U1036 6 (230Th/
232Th)western med 6 35U1036. From Eq. 5, we ob-
tain the £ux of 232Th dissolved from particles :
(Feol+AFrp)U232ThlithoUD = 0.92 þ 0.33 g/s. It
represents 23% of the eolian £ux and 6% of the
riverine particle £ux, but it is the main dissolved
232Th £ux. This £ux is determined independently
of the eolian and riverine particulate Th £uxes
and of the extent of particle dissolution: the ac-
curacy of this value is limited by our knowledge
of the (230Th/232Th)western med ratio and of the Si-
cily strait 232Th £ux (which is of similar magni-
tude). If A = 10% (all atmospheric and only 10%
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of riverine inputs interact with seawater), we de-
duce that D = 11^23% (a large dissolution extent
is required) whereas if A = 100% (all atmospheric
and riverine inputs interact with seawater), D = 3^
5% (a smaller dissolution extent is required). Ex-
perimental dissolution of lithogenic-rich marine
particle suggests that D = 2% [15]. The percentage
of Th from the eolian dusts that is dissolved when
it enters seawater is not known, but it is less than
10% for Al [38] and less than 2% for rare earth
elements [39]. Thorium being more refractory
than Al and rare earth elements, it seems that
dissolution of particulate Th is limited. Therefore,
we consider that dissolution of a small fraction of
all the riverine particulate load (including par-
ticles sequestered in margins) is required to ex-
plain the 230Th^232Th budget of the western Med-
iterranean sea. While the transport of particulate
lithogenic material is viewed as mainly one-di-
mensional at DYFAMED, the budgets of dis-
solved refractory elements require to take lateral
advection into account. This conclusion probably
holds for other refractory elements and the Med-
iterranean budgets of elements such as Fe, Nd
and Mn require revision [34,40,41]. This Th bud-
get emphasizes that at the ocean scale, the inputs
of refractory elements may not be controlled only
by eolian £uxes as previously proposed [42] but
that lateral transport from margins must be taken
into account.

5. Conclusion

We report the ¢rst extensive 230Th and 232Th
data set measured on size-fractionated seawater
and marine particle samples from the western
Mediterranean Sea. The 230Th/232Th ratio pro-
vides information that are not accessible to con-
centrations or single isotope measurements when
mixing processes (reversible scavenging on col-
loids, aggregation^disaggregation, etc.) are in-
volved. The Th particulate £ux evolution requires
to take into account the aggregation of ¢ltered
large particles that are rarely sampled or consid-
ered in the models of particle dynamics. The
230Th^232Th budget of the western Mediterranean
Sea suggests that the external £uxes of refractory

elements (Th, Fe, Nd and Mn) are dominated by
the dissolution of the continental particles stored
in margins and not only by eolian input as usually
assumed. It stresses that at the ocean scale, the
inputs of refractory elements are not controlled
by eolian £uxes only but that inputs from shelves
must be considered. This is of particular impor-
tance in the ongoing debate concerning the re-
spective role of eolian and advective inputs of
Fe in the limitation of the present and past ocean
productivity [43^45].
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