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Abstract

230Th, 232Th and ***Th were analyzed in sinking particles collected by moored and drifting sediment traps in the NE Atlantic
Ocean (POMME experiment) in order to constrain the phase(s) carrying Th isotopes in the water column. It reveals a contrasted
behaviour between 2**Th and 2*°Th. **Th is correlated to the particulate organic carbon suggesting that it is primarily scavenged
by organic compounds in the surface waters. >>*Th, is correlated with Mn, Ba and the lithogenic fraction that are enriched in small
suspended particles and incorporated in the sinking particulate flux throughout the water column. The lack of correlation between
2397, and CaCO; or biogenic silica (bSi) indicates that CaCO; and bSi are not responsible for ***Th scavenging in the deep
waters of this oceanic region. 2*°Th is generally correlated with the lithogenic content of the trapped material but this correlation
disappears in winter during strong atmospheric dust inputs suggesting that lithogenic matter is not directly responsible for *°Th
scavenging in the deep waters or that sufficient time is required to achieve particle—solution equilibration. MnO, could be the
prevalent 230Thxs-bearing phase. The narrow range of Ky muos™ obtained for very contrasted oceanic environments supports a
global control of **°Th,, scavenging by MnO, and raises the possibility that the >*°Th—>*'Pa fractionation is controlled by the
amount of colloidal MnO, in seawater.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding the oceanic carbon cycle requires re-
liable estimates of the particulate carbon fluxes from the
surface waters to the bottom of the ocean. Particulate
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fluxes are usually measured with sediment traps. Unfor-
tunately, turbulence around the aperture of the trap can
prevent a significant fraction of the sinking particles
from being collected [1]. Therefore, it is necessary to
evaluate the sediment trap efficiency. Thorium isotopes
are used to perform this evaluation [2,3]. 2*°Th and >**Th
are produced uniformly in the ocean by radioactive
decay of Uranium isotopes (***U and ***U). Because
thorium is a very particle-reactive element, Th isotopes
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are rapidly scavenged on sinking particles and transported
towards the bottom of the ocean [4]. The theoretical flux
of Th carried by sinking particles is calculated as the
difference between radioactive production and radioac-
tive decay in the water column above the trap. The
trapping efficiency is the ratio between the trapped flux
and the calculated one. Trapping efficiencies as low as
10% are obtained in the surface waters and in the meso-
pelagic zone (where horizontal currents are high) con-
firming that some traps largely undercollect the particle
flux [5]. Sediment trap may also discriminate among
different types of particles: large and rapidly sinking
particles are expected to be collected more efficiently
than small and slowly sinking particles [6]. Therefore, a
Th-based trapping efficiency may not be relevant for all
particles and compounds collected by the traps. Using or
ignoring trapping efficiency corrections lead to very
different pictures of the particle flux evolution through-
out the water column indeed [5,7]. Thus, the determina-
tion of the phase(s) carrying Th isotopes is a key issue.

At present, there is no consensus on the question. The
common idea that “Th probably sticks identically on all
types of particles” relies on the gross correlation be-
tween the fluxes of Th and of the major phases in the
traps [5]. However, it is not supported by detailed
studies of the partition coefficient KM .k between the
bulk particulate and the dissolved phases (field-based
estimate of K% .1 is obtained by dividing the amount of
nuclides per g of bulk trapped particles by the total
amount of nuclides (dissolved+particulate) per g of
seawater in the water through which the particle sunk).
In the southern and Pacific oceans, the correlation be-
tween Ki'yux and the carbonate content of trapped
particles suggests that *°Th scavenging is controlled
by carbonates [8]. In regions with higher lithogenic
content in the trapped material, both carbonate and
lithogenic material should scavenge **°Th [8,9]. Revi-
siting the same data set, Luo and Ku (2004) noted a
strong correlation between KM i and the lithogenic
content of the trapped particles and proposed that >*°Th
is scavenged mainly by the lithogenic phase [10,11]. In
fact, that particular set of samples does not allow to
decide conclusively which of the 2 phases scavenges
29Th because the lithogenic content, the carbonate
content and the K" . are correlated. In the Arctic
Ocean where biological productivity is very low, ice-
rafted lithogenic particles are proposed to scavenge
39T [12-14]. Independently of the *°Th works, nu-
merous studies of 2**Th export from the surface ocean
have led to the conclusion that >**Th is primarily scav-
enged by organic colloids [15], although the lithogenic
phase might play a significant role in the coastal and

high dust regions [16]. It seems difficult to draw a clear
picture from all these studies as they produced either
competing or contradictory conclusions. In addition,
234Th and 2*°Th are often measured with different back-
ground parameters because of their distinct applications,
so that the different studies cannot be compared easily.
Here we present a coherent set of sediment trap data
obtained during the POMME (Programme Océan Mul-
tidisciplinaire Méso Echelle or MesoScale Multidisci-
plinary Ocean Program) experiment in the NE Atlantic
Ocean that allows the direct comparison of **°Th,
232Th, 2*Th and of the main components of the trapped
particles. The general setting and the goals of the
POMME program are described elsewhere [17]. During
the POMME program, the sinking particles were col-
lected with both long-term moorings and drifting sed-
iment traps deployed for a few days at different
seasons. This combination of traps allowed to measure
and compare **°Th, **Th (moorings) and ***Th, ***Th
(drifting traps) in the same oceanographic setting.

2. Sampling and analytical methods
2.1. Trap deployment

All the traps used during POMME were multisam-
pling conical sediment-traps (PPS5) with a collection
surface of 1 m®. All the sampling cups were poisoned
with formaldehyde prior to trap deployment in order to
prevent feeding in the traps. We report the results
obtained on Southwest (39°34.85N, 18°51.23W, water
depth: 4786 m) and Northeast moorings (43°32.867N,
17°20.868W, water depth: 3760 m) of POMME (here-
after SW and NE moorings). Moored sediment traps
were deployed at 400 and 1000 m over two periods: all
the traps were deployed from February 2001 to August
2001 (sampling interval=8 days) and the NE traps were
deployed again from August 2001 to June 2002 (sam-
pling interval=12 days). We also report results obtained
with drifting sediment traps deployed at 400 m during
the POMME experiment in winter (POMME 1), spring
(POMME 2) and end of summer (POMME 3) 2001.
Drifting traps were deployed at 400 m for 48 h during
long stations occupied over the POMME area (between
39—43°N and 17-19°W). Detailed location of the traps
can be found in [18,19].

2.2. Analysis of the major phases
Sampling procedures followed the JGOFS protocols

and can be found at http://www.obs-vIft.fi/LOV/Pieges/.
Back in the laboratory, swimmers were removed from
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the samples. The whole sample was then rinsed with
ultra-pure water (MilliQ) and freeze-dried. Concentra-
tions of Total Carbon (TC) carbon were measured in
triplicate with a LECO 900 elemental analyzer (CHN)
on aliquots of the desiccated samples. Acid (HNO;z +HF)
digestions in microwave oven were performed on 20 mg
aliquots of the desiccated samples. For all the acid-
digested samples, Al, Fe, and Ca were analyzed by
ICP/AES (Jobin Yvon JY 138 ’Ultrace’, LOV, Ville-
franche sur mer), whereas 232Th, Ba, Mn and Rare
Earth Elements (REE) were analyzed by ICP/MS (Perkin
Elmer Elan 6000, LEGOS, Toulouse). The detailed pro-
cedures as well as their validation are given in [19].

2.3. Analysis of *°Th and **°Th

29Th and ***Th were analyzed on the samples col-
lected by the moored sediment traps on an aliquot of the
solution obtained for major and trace elements (see
above). **’Th spike was added to this aliquot. After
isotopic equilibration, the Th was purified by ion ex-
change chemistry [20]. Procedural blanks (around 20 pg
of #*?Th and 0.1 fg of *°Th) represent typically less
than 1-2% of the Th in the samples. For the SW400 and
SW1000 traps and the first period of the NW400 trap,
the purified Th was analyzed by TIMS on a Finnigan
Mat 262 mass spectrometer as described in [21]. The
remaining samples (the second period of the NE400 trap
and the two periods of the NE1000 trap) were analyzed
in Toulouse by MC-ICP-MS on a Neptune (Finnigan)
instrument. The detailed procedure will be published
elsewhere. There is an excellent agreement between
the TIMS and MC-ICP-MS measurements (Fig. 1).
Note that 2>*Th was also determined on all samples by
quadrupole ICP-MS (Perkin Elmer Elan 6000, LEGOS,
Toulouse). There is an excellent agreement (>>0.985)
between the determinations of **Th by the 3 methods
(TIMS, quadrupole ICP-MS and MC-ICPMS). ***Th
data obtained by quadrupole ICP-MS are used only
for the drifting traps that were not analyzed for >*°Th.

2.4. Analysis of ***Th

234Th was analyzed on the samples collected by the
drifting traps. Compared to 2*°Th, a shorter procedure
was used due to the short half-life of ***Th. For each
trap, an aliquot of each cup was collected before the
swimmer removal and these aliquots were put together
in order to obtain sufficient >**Th activities. All samples
were analyzed by gamma counting in a well-type low-
background detector [22]. It can be noted that **Th
was not analyzed on the same aliquots than major and
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Fig. 1. Comparison of TIMS and MC-ICP-MS analysis of sediment
trap samples. For each sample, both measurements correspond to
aliquots of the same solution obtained after the ion exchange chem-
istry. These aliquots contained ~0.4 ng of **Th and ~8 fg of *°Th
for the NE Atlantic (NE400) samples and ~5 ng of ***Th and ~25 fg
of Z*°Th for the Mediterranean samples.

trace elements. Major and trace elements were analyzed
on each cup after the swimmer removal with the pro-
cedure used for the moored traps. Concentrations aver-
aged over the whole collection period have been
recalculated for comparison with ***Th data.

3. Results

Thorium isotopes and Mn data are available in elec-
tronic form (see Appendix 1-5 in the Background data
set). All major element and Ba data are available at
(http://www.lodyc.jussieu.fi/POMME/). Detailed com-
position of the material collected by moored and drift-
ing traps are given in [18,19]. The material collected by
the traps is made of fecal pellets, marine snow and
individual foraminifera tests in variable proportions.
In the following, we will focus on the relationship
between Th isotopes and the abundance of different
phases such as calcium carbonate, biogenic silica
(bSi), organic matter, and lithogenic material. Unlike
239Th and 2**Th, >**Th is not produced in situ but only
brought to the ocean by lithogenic particles. Assuming
that all the **Th is carried by lithogenic particles [23]
and that the **Th concentration in these particles is 10
ppm [24], the lithogenic fraction is given by
%Litho=0.1 x ***Th (in ppm). The carbonate fraction
was determined from particulate Ca concentrations as
follows: %CaCO;=2.5 X %Ca. Particulate Inorganic
Carbon (PIC) was calculated as %PIC=%CaCO5/
8.33. The Particulate Organic Carbon (POC) was cal-
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culated as the difference between TC and PIC. The
organic matter content is about twice the POC content.
Biogenic silica (Si0,, nH,0), was calculated assuming
n=0.4 [25]. It represents less than 30% of the trapped
material [26,27]. Excess Ba (Ba,) was used to evaluate
the abundance of biogenic Ba [19]. It was calculated as
the bulk Ba content corrected from the terrigeneous Ba
contribution. Terrigeneous Ba is estimated using a ref-
erence crustal Ba/*’Th ratio, applying a crustal
Ba/***Th (wt/wt) ratio of 51.4 [24]. Mn was measured
to evaluate the abundance of Mn oxides.

The **°Th produced by in situ decay of dissolved
234U and that is scavenged on particles (**°Thy) is
calculated by subtracting the lithogenic ***Th compo-
nent to the total ***Th:

230 230 232
Thxs = Thmeasured - Thmeasured

1

x (230Th/232Th)litho .
with (**°Th/***Th)jimo=4.4 X 10~ ¢ mol/mol based on a
mean composition of the continental crust [28]. The
29T, concentrations range from 0.3 to 10.7 pg/g at
400 m and from 1.8 to 27 pg/g at 1000 m (Fig. 2). The

highest »*°Th, concentrations are generally found in the
deepest traps and from summer to winter whereas the
39T, concentrations are low during the spring bloom.
In the NE traps, low 230Th, concentrations are found
until August because the biologically productive period
was longer due to the occurrence of short wind events
that deepened the mixed layer as well as to the meso-
scale activity [19]. During POMME, 2*°Th, represents
more than 75% of the total >**Th, except during the high
dust event recorded by the SW traps when **°Thy
represents ~50% of the total 2>°Th. For the moored
trap samples, there is no correlation between 2*°Thyg
and CaCO; (NE400: r*=0.16, NE1000: 7°=0.0006,
SW400: #*=0.001, SW1000: »*=0.11) or POC (NE400:
r*=0.22, NE1000: +*=0.01, SW400: *=0.21, SW1000:
r*=0.04) or bSi in general (NE400: *=0.57, NE1000:
r*=0.02, SW400 : +*=0.01, SW1000: »*=0.001) (Fig.
3a—). Conversely, there are correlations between
230Th, and Mn (NE400: r*=0.47, NE1000: r*=0.89,
SW400: r2=0.75, SW1000: 7> = 0.90) or Ba (NE400:
*=0.63, NE1000: 7*=0.90, SW400: 7*=0.80, SW1000:
#*=0.77) (Fig. 3d-1). In the case of Mn or Ba, distinct
correlations with 2*°Th,, are obtained at 400 m and
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Fig. 3. 2*°Thy as a function of the particle composition. (a)

20T, versus POC. (b) **°Thy, versus CaCOs. (¢) *°Thy versus biogenic silica.

(d) 20T, versus lithogenic fraction. (e) 20T, versus Mn. (f) 2*°Thy, versus Bag,.

1000 m due to the enrichment of **°Th,, on marine parti-
cles with depth. Except for a few samples (8 out of 100)
from the SW traps, there is a good correlation between
the lithogenic content and >*Th,, that holds both at 400
m and 1000 m (NE400: +*=0.75, NE1000: »°=0.93,
SW400: ?=0.69 (excluding the 4 high dust samples),
SW1000: 7°=0.69 (excluding the 4 high dust samples)).

The particles collected by the drifting traps have
Z4Th activities ranging from 661 to 7206 dpm/g.
There is a positive correlation between ***Th and
POC (+*=0.67) and no significant correlation between
Z4Th and CaCO; (*=0.01), the lithogenic fraction
(r*=0.01), bSi (¥*=0.07), Mn (+*=0.02) or Ba
(#*=0.01) (Fig. 4a—e). The POC/**Th ratio range
from 1.1 to 6.0 pmol/dpm.

4. Discussion
4.1. Testing the role of the major phases

In the following discussion, we will compare sam-
ples collected at different sites and depths with drifting

or moored traps. During the POMME program, the
spatial variability of the particle flux (related to a
North—South gradient of mixed layer depth and to
mesoscale structures) is much smaller than the seasonal
variability occurring all over the POMME area [19].
Therefore, it makes sense to compare the material
collected by drifting and traps over the POMME area.
In addition, conical traps are known to under-collect
particles, especially in high-energy shallow water. This
may affect the composition of particles collected by
drifting versus moored traps or by shallow versus
deep traps. These traps do not necessarily collect the
same types of particles because they experience differ-
ent shearing flows that do not generate the same turbu-
lence around and in the traps. However, the similar
ranges of major and trace element found in the material
collected by the different traps suggest that all the traps
generally collect similar particles.

The correlations presented in the previous section
suggest that trapped particles are a mixture of 2 com-
ponents [2,29]: (1) small suspended particles with high
content of >*°Th, the lithogenic material, Ba, Mn and



686 M. Roy-Barman et al. / Earth and Planetary Science Letters 240 (2005) 681—693

8000

] a ° b L o]
6000 -
°
E o [ ]
(=%
B 40001 & . r
JE ® ° ® °
h 20001 @ @ - [ Y
[ 4 o b °
° [ )
& L ] [ ]
0 T T T T T T T T
0 10 20 30 40 0 20 60 80 100 0 10 20 30
POC (%) CaCo; (%) bSi (%)
8000
] d . e ] f
6000
o
g : - -
T 4000 [} [ ] L
QFE [ ] ° ] [ N
i 2000 [ ] r L
[ ] ° ° [ ] ® ..
- [ = * [
0 . . . . . . : : ' , .
0 5 10 15 20 0 50 100 150 200 250 O 500 1000 1500 2000 2500
Litho (%) Mn (ppm) Ba,,(ppm)
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(2) fresh particles recently produced in the surface
waters that contain little 2*°Th, Mn, Ba or lithogenic
material but that have high content in POC, ***Th and
CaCOs. The correlation between >*°Th and the litho-
genic fraction, Ba or Mn reflects the dilution of the
small particles by a variable amount of newly surface
derived material (aggregation of suspended particles on
the sinking particles).

As noted previously, a correlation between **Thy
and a given phase does not imply that this phase carries
23 0Thxs. It is best illustrated by the 23 0ThXS—BaXS case
(Fig. 3f). 230Th,, and Ba,, are correlated in the trapped
particles because they are both aggregated from the
small particle pool. In the mesopelagic zone, particulate
Ba,, is located quantitatively in barite crystals (BaSOy,)
[30,31]. The remaining particulate Ba is found in the
lithogenic phase and represents usually less than 10%
of the total Ba in the POMME area [19]. Carbonates are
not a significant host for Ba [32]. The **°Thy, content
of barite in marine sediments varies from 0 to 200 pg/g
for water depths ranging from 2000 m to 4600 m [33].
Taken on face value, if barite in the POMME samples
had a **°Thy, concentration of 200 pg/g, it would

account for 3-26% of the *°Thy in the trapped mate-
rial. However, >*°Th,,-rich barite are extracted from
sediments located below the lysocline so that the
239Th, enrichment could be due to sediment dissolu-
tion. On the contrary, in sediments located above the
lysocline, barite contains no 239Th, and could not
contribute significantly to the **°Thy, content of the
trapped material. Therefore, Barite probably does not
contain a large fraction of the >*°Th despite the signif-
icant Ba,—>°°Th,, correlation.

The lack of correlation between >*Th and bSi in the
drifting traps and between 239Th, and bSi in NE1000,
SW1000 and SW400 suggests that bSi is not the main
29T} carrier in the POMME samples (Fig. 3c). This is
consistent with results from the Southern Ocean and the
Equatorial Pacific where inverse correlations between
239Th,, and bSi imply that 2>°Th has a lower affinity for
bSi than for other phases constituting the trapped ma-
terial [8]. The correlation between >*°Th,, and bSi at
NE400 seems spurious (particularly if we consider the
lack of correlation for the other traps): It is mainly
driven by samples with low bSi and small particles
(enriched in lithogenic, Mn and 239Th,,) content col-
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lected by this trap. It may be due to a low trapping
efficiency [19] compared to carbonate-rich particles.

The lack of correlation between *>°Th,, and CaCOs
(Fig. 3b) suggests that CaCOs is not an important **°Th
carrier in the POMME samples. This seems to contra-
dict data obtained in the Southern Ocean and the Equa-
torial Pacific where the strong correlation between
230Th, —CaCO;3 was used to infer that CaCOs could
be an important 2*°Th, carrier at least for samples
containing less than 5% of lithogenic fraction [8].
Considering only the POMME samples with less than
5% of lithogenic fraction (this is the case of all the
NE400 samples on Fig. 3b) does not reveal a correla-
tion between CaCOs and >*°Th,,. This may be due to
the high foraminifera content of many POMME sam-
ples, because foraminifera may sink too rapidly to
scavenge >°Th. However, even if we just consider
samples with less than 5% of lithogenic fraction and
less than 10% of foraminifera (visual estimate of the
volume of foraminifera tests compared to faecal pellets
and marine snow), there is still no correlation between
230ThXS and the CaCOj (for 8 samples, r2:0.0004,
figure not shown). As a consequence, we conclude
that CaCO; is not the main >*°Th,, carrier in the
POMME area. The ***Th-CaCO; correlations observed
in the Southern Ocean and in the equatorial Pacific
might be spurious [8]. In the Southern Ocean and in
the equatorial Pacific, diatoms dominate the primary
production, so that fresh marine particles are rich in bSi.
It is well established that seawater is undersaturated
with respect to bSi throughout the water column,
whereas CaCO; remains stable over much of the
water column and that the lithogenic fraction is
expected to experience little (if any) dissolution. The
high dissolution rate of bSi [34] accounts for the sharp
decrease of the bSi concentration with depth in the
water column of the southern ocean whereas the litho-
genic silica concentration remains fairly constant [35].
Similarly, the bSi/CaCOs ratio in the small particle pool
decreases with depth due to a preferential dissolution of
diatoms test compared to carbonates and/or a preferen-
tial accumulation of cocolithophorids (and lithogenic
particles) compared to diatoms in the small particle
pool [36]. Therefore, in the deep waters, the small
particles pool is enriched in CaCO; and lithogenic
particles compared to bSi and it is also enriched in
230Th [4] because **°Thy, increases with depth by
reversible scavenging whatever the real Th bearing
phases are. Conversely, large sinking particles freshly
produced in the surface waters are bSi-rich and *°Th,-
poor because there is little >**Th, to scavenge in the
shallow water. Finally, aggregation of small particles

(enriched simultaneously in ***Th,, CaCOj; and litho-
genic matter) to the rapidly sinking particles (bSi-rich
and ***Th,-poor) in the deep waters would produce the
correlation between **°Th,, and the CaCOj5 fraction or
the lithogenic fraction.

The lack of correlation between 2**Th and CaCOs
strengthens the idea that calcium carbonate is not the
main Th scavenging phase (at least in the surface
waters). These results are consistent with the low
value of K c.cos (the partition coefficient between
pure CaCO; and seawater) obtained by direct analysis
of marine calcite samples [37] and by in vitro experi-
ments [38]. These K4 cacos (equal or less than 5 x 10°
ml/g) values are more than one order of magnitude
lower than the value proposed by [8] based on sediment
trap analysis (= 10" ml/g).

The lack of correlation between *°Th,, and POC in
the moored trap samples (Fig. 3a) contrasts with the
Z4Th—POC correlation in the drifting trap samples (Fig.
4a). Although both isotopes are produced uniformly in
the water column and have identical chemical proper-
ties, they experience different scavenging conditions
with depth. With its short half-life, >**Th is most sen-
sitive to the high scavenging rate in the surface waters
due to the production of strong Th ligands by the
biological activity, so that it is not surprising to find a
2B4Th—POC correlation. [15,39,40]. In the deeper water,
the concentration of these ligands decreases rapidly
[41], so that suspended particles contain little *>*Th
due to its lower scavenging rate and because **Th is
lost by radioactive decay. Conversely, >*°Th accumu-
lates on the particulate matter throughout the water
column so that the contribution of surface derived
23%Th is small at 400 m or 1000 m. While this differ-
ential behaviour of Th isotopes has been modelled [42],
the present data provide a clear illustration of the model
prediction.

There is not a simple correlation between **°Thy
and the lithogenic fraction ( Fig. 3d). For most samples,
there is a good linear relationship between **°Th,, and
the lithogenic fraction indicating that they are both
enriched in the small particles pool. Only the samples
collected during February/March 2001 by the SW traps
do not fall on the main trend (encircled in Fig. 4d).
Their low Mn, Ba and **°Th contents indicate a low
contribution of the small suspended particle pool de-
spite a large lithogenic content. In the POMME area,
the aeolian dust flux is generally low [43] but sporadic
Saharan dust inputs occur. These samples were collect-
ed just after the arrival over the south of the POMME
area of an aeolian dust plume recorded by satellite
remote sensing on 13 February 2001 [26]. It appears
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that this increase of lithogenic fraction in sinking par-
ticles by surface derived particles does not produce an
increase of **°Th,, concentration. The reason may be
that the lithogenic material is not the main 230Th,
carrier or that the lithogenic material locked inside the
faecal pellets did not have opportunity or time to scav-
enge 2>°Thy, (during February—March 2001 faecal pel-
lets constituted most of the trapped material). In the SW
traps, more than 50% of the total lithogenic flux was
collected during the “high dust” event whereas only
30% of the **°Th,, was collected during the same
period [19]. It clearly shows that the lack of correlation
between the 2*°Th,, content and the lithogenic fraction
of the sediment trap material is not restricted to
“marginal seas” as previously claimed [10,11,44]. How-
ever, it leaves open the possibility that in regions re-
ceiving strong lithogenic inputs, lithogenic matter may
not scavenge 2>°Th as efficiently as in regions with low
lithogenic inputs (if it scavenges at all). This is an
important observation with regard to the recent debate
on the affinity of *°Th for lithogenic particles [8,10].

4.2. A possible role for MnO, in the open ocean

There is no correlation between MnO, and ***Th
(Fig. 4d). This is not surprising because particulate
23%Th in the surface waters is dominated by the scav-
enging by organic ligands (see previous section) and
because photoreduction in surface waters prevents the
formation of authigenic MnO, and may dissolve litho-
genic MnO, [45]. On the contrary, good correlations are
observed between **°Th,, and Mn concentrations at
400 m and 1000 m. Unlike the case of the lithogenic
fraction, Mn and *°Th, remain correlated even during
the high dust event suggesting that Mn could be an
significant Th carrier. As noted in Section 3, distinct
Mn->**Th,, correlations are obtained at 400 m and
1000 m due to the enrichment of >*°Th,, on marine
particles with depth. Lithogenic Mn (estimated with a
crustal Mn/***Th ratio of 60 g/g) represents from 15%
to more than 100% of the total Mn in the POMME
samples. In the following discussion, we do not use the
distinction between lithogenic and authigenic Mn be-
cause the lithogenic Mn is not refractory (at least 30—
55% of the lithogenic Mn is readily dissolved at the
contact with seawater [46]) and because it is also
possible that at least some of the lithogenic Mn present
as oxides contribute to Th scavenging. Fe oxides are
also known to scavenge Th and they are generally
associated to Mn oxides. In the POMME samples, the
Fe content is correlated to the lithogenic content. The
Fe/Al ratio remains in the range of the lithogenic ma-

terial: Fe/Al1=0.40 for the Portuguese margin (this is the
upper crust value) and Fe/Al=0.63 for the aerosols
from the Sahara [19]. Therefore, it is not possible to
calculate a significant authigenic Fe fraction in the
POMME samples. However, we cannot rule out that
mixed Fe-Mn oxides scavenge Th isotopes on the
particles.

The analogy between Cerium (Ce) and 2*°Th,g sup-
port that MnO, controls B0Th [47]. Ce uptake on
marine particles is clearly associated to its scavenging
on MnO, coatings as Ce (IV) [48,49] or Ce (III)
followed by oxidation of Ce (III) to Ce(IV) [47,50].
If a subsequent dissolution of MnO, coatings occurs,
Ce(IV) remains bound to the particles. The similarity
between Th(IV) and Ce (IV) is confirmed by the much
lower solubility of Th and Ce compared to Mn during
in vitro redissolution of marine particles [51].

While MnO, is known to scavenge efficiently Th
isotopes, until now, its involvement was put forward
only in very specific environments such as continental
margins [52,53], hydrothermal plumes [54], oxic—an-
oxic transition zone [55]. Conversely, the absence of
particulate MnO, in anoxic waters reduces the **°Th
scavenging rate despite a very high flux of particles
[55]. If we assume that MnO, is the main Th bearing
phase, we can estimate the KM oo required to ac-
count for the POMME data. At 1000 m, the dissolved
239Th, content of seawater is of the order of 5 x 10~ '3
g/l [56] and the **°Th,y/Mn,,g, ratio is of the order of
~1x1077 g/g. It yields a KM mor = 2% 10'° ml/g.
At 400 m, the dissolved **°Th,, content of seawater
(~3x10" 1 g/l [56]) and the average 20T h, /Mny
ratio of trapped particles (~0.75x 10”7 g/g) yield a
K "moo value of 2.5 x 10" ml/g. These results are in
remarkable agreement with values calculated in very
contrasted marine environments such as ocean mar-
gins, marginal sea and open ocean (Table 1). It is also
consistent with a gross estimate of KM noa obtained
by comparing the *°Th concentration of Fe-Mn crusts

Table 1

Partition coefficient of Th between MnO, and seawater

Location Environment KM o2 References

(10" ml/g)

Northeast Atlantic Open ocean 2-2.5% this work

Northeast Atlantic Open ocean 0.5-1.5% [5,57]

Mediterranean sea Enclosed sea 0.4-0.6" [21]

Equatorial Pacific Open ocean 33 [44]

Guatemala and Coastal ocean 0.1-2° [52]
Panama basins 0.5-0.9°

Northeast Atlantic Mn-rich crust 0.5 [58,59]

* Estimated with trapped particles.
® Estimated with small filtered particles.
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and of deep seawater collected nearby. The consistency
of the K "vmoo estimates over a large range of oceanic
environment contrasts with the lack of general corre-
lation between K1%.. and the major components of
the sinking particles [60]. Consequently, we infer that
MnO, could be the main (or at least a significant) host
phase of 2*°Th in the sinking particles throughout the
ocean. As noted previously, the role of MnO, in the
scavenging of Th isotopes and other trace metals is
generally accepted at ocean margins where strong Mn
inputs occur [52,61]. However, this view was not
extended to the open ocean on the premise that
MnO, does not reach the open ocean [62] and that if
it did, there would be no fractionation between **°Th
and **'Pa in the open ocean (see below). It is signif-
icant that the recent debate on the phase responsible
for Th scavenging was based on studies where Mn was
not analyzed so that it was not possible to comment on
a control of Th flux by MnO, and MnO, was hardly
mentioned [10,11,60,63].

These K "m0z values are 2 to 4 orders of magnitude
higher than the values determined by in vitro experi-
ments [38,64]. These experiments might underestimate
the true K1 \vno2 value because they are conducted with
very high MnO, concentrations. This underestimate
may be due to ***Th bound to colloidal MnO, remain-
ing in the “dissolved” phase after filtration of the par-
ticulate MnO, and/or to the lower specific surface of
MnO, grains compared to MnO, coatings.

A prevalent scavenging of **Th by MnO, would
explain several intriguing or problematic features
obtained in previous studies: (1) Surprisingly, [8]
obtained similar estimates of Ki'cacos and Ko i
Although these values could be identical fortuitously,
it can be readily understood if the partition of ***Thy
between seawater and particles is not directly controlled
by carbonate and lithogenic particles but by MnO,
coatings disseminated uniformly on carbonate and
lithogenic particles. (2) On the other hand, if the litho-
genic material is the main phase that scavenges Th, as
suggested by [11], there should be very strong varia-
tions of K.%:mo between areas receiving large amounts
of lithogenic material and remote area receiving only
weak aeolian inputs. While the lithogenic particle flux
in the open ocean is dominated by the local atmospheric
inputs, the Mn particulate flux is not. The residence
time of dissolved Mn is long enough to allow advection
of dissolved Mn from continental margins and subse-
quent precipitation on particulate matter [57]. For ex-
ample, during POMME, authigenic Mn represents
between 45% and 85% of the total Mn of the total
particulate Mn in the 1000m traps. Thus, the high

value of K "\n02 combined with Mn behaviour in the
ocean accounts for the decoupling between lithogenic
inputs and **°Th,, scavenging from coastal to open
ocean.

At first sight, the 2*'Pa data seems to contradict the
role of MnO, as **°Th carrier in the open ocean. Like
239Th, 2'Pa is produced uniformly in the ocean (by
radioactive decay of 2*°U), its half-life is long com-
pared to its oceanic residence time but it has generally
less affinity for marine particles than ***Th. As a con-
sequence, there is usually a strong *°Th—>*'Pa frac-
tionation in the open ocean with an enrichment of >>°Th
versus **'Pa in marine particles and a depletion of
39T versus **'Pa in seawater [5,65]. On the contrary,
the lack of ***Th—?*'Pa fractionation at ocean margins
(the so called “boundary scavenging”) is generally at-
tributed to the high flux of MnO,-rich particles in these
areas because both 2°Th and #*'Pa are known to have a
high affinity for MnO, [53,66]. The apparent contra-
diction is that if ***Th is scavenged by MnO, in the
ocean and if MnO, scavenges **°Th and **'Pa without
fractionation, there should be no 230Th-231Pa fraction-
ation in the ocean. However, it was recently proposed
that the lack of **'Pa—***Th fractionation at ocean
margins could be related to the high diatom production
in these areas that enhances **'Pa scavenging compared
to open ocean conditions [8]. Alternatively, the lack of
20Th-23'Pa fractionation in MnOs,-rich environment
such as continental margins (or hydrothermal plume)
could be due to a quantitative scavenging of dissolved
#°Th and **'Pa on colloidal MnO,. The subsequent
aggregation of colloidal MnO, on small particles would
produce no fractionation between the filtered seawater
and the particulate phase. We have already argued that
the colloidal MnO, could account for the low KdTlanoz
obtained during in vitro experiments and it appears now
that it would also explain the lack of **°Th-**'Pa
fractionation during these experiments [38,64]. Obvi-
ously, analysis of 2*°Th, **'Pa and Mn in particulate,
colloidal and ultrafiltered solution will be required to
confirm or reject the influence of colloidal Mn on
239Th-21Pa fractionation. Should it be rejected, it
would leave us with the lithogenic fraction as a possible
prevalent Th carrier in the deep water. It would imply
very large variations of K" imo from one oceanic re-
gion to the other. The lack of obvious explanation for
these variations has been used to reject the possibility
that 2°Th scavenging is controlled only by lithogenic
particles [63]. In fact, the rather low K™ o observed
in regions with high lithogenic inputs could arise from
the rapid sinking of lithogenic particles through the
water column that precludes **°Th scavenging as sug-
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gested in Section 4.1. The contribution of this rapidly
sinking lithogenic material can be determined because
it has a low Mn content as opposed to the Mn-rich and
lithogenic-rich particles aggregated to the sinking par-
ticles at depth.

4.3. Implications for the particle flux calibration

It clearly appears from the previous discussion that
29T, in trapped particles is associated with the fine
particle aggregated on rapidly sinking particles and that
it is most likely adsorbed on MnO, coatings or litho-
genic particles. Therefore, trapping efficiencies estimat-
ed with 2*°Th,, must be used to correct the vertical flux
of elements associated with small particles such as Mn,
Ba, 2**Th, REE. On the other hand, the question
remains open for POC or CaCOj. A preferential under-
trapping of small slowly sinking particles will produce
a loss of 2*°Th,, but it will not affect the rapidly sinking
aggregates carrying POC and CaCOs. In this case, POC
and CaCO; fluxes corrected for trapping efficiency
would be overestimated. On the other hand, if small
particles are packed in faecal pellets or embedded in
large aggregate, the **°Th calibration will be relevant
for POC and CaCO;. Therefore, it is important to
determine how efficiently aggregation in the deep-
water works. From that point of view, it can be noted
that even if carbonates such as foraminifera tests or
coccolithophorids do not necessarily directly scavenge
Th, they can be coated with Mn oxides [67,68].

Focusing or winnowing of sediments on the sea
floor are corrected by normalising the sedimentation
rate to the **°Th,, inventory in sediments [69]. Again,
particle fractionation during sediment redistribution
could put limits on the use of the Th-normalisation
method and could yield an overestimation of large
particle redistribution based on **°Th inventory. Com-
binations of thorium isotopes are potentially powerful
tracers of particle aggregation and disaggregation [70].
However, such application is based on the assumption
that in situ-produced Th isotopes are carried by the
same phases (or at least the same particles). The strong
decoupling observed between 2*°Th and **Th in this
study implies that Th isotopes must be used cautiously
to calibrate particle dynamic models.

The implications of this work extend beyond the
carbon export. With the development of MC-ICP-MS,
it is possible to obtain very detailed water column **°Th
and **'Pa profiles that bare information on the thermo-
haline-circulation [71]. As the deep currents are esti-
mated through the difference between in situ production
and particulate transport of *°Th [72], it is necessary to

have well constrained **°Th particulate fluxes at the
basin scales. The control of Th scavenging by Mn
oxides rather than by carbonates or lithogenic material
could change the detailed pattern of Th scavenging over
the ocean and hence the estimation of the deep currents.
The 2*°Th—>*'"Pa pair in sediments is also used to
constrain both paleo-ventilation and paleo-particle
fluxes [62]. Here again, determination of the host
phase(s) of these nuclides is a prerequisite for a reliable
use of these proxies. A substantial *°Th->*'Pa frac-
tionation by MnO, would help to match the past var-
iation of the ***Th/**'Pa recorded in sediments and
paleoparticle fluxes in the Pacific ocean [73].

5. Conclusion

Recently, the question of >*°Th and ?*'Pa scaveng-
ing in the deep ocean has been studied through the
relationships of these nuclides with the major compo-
nents of the sinking particles. In the present study, the
comparison of ***Th with an extended set of geochem-
ical tracers somewhat changes the perspective. First, we
clearly show that 2*°Th and **Th are not controlled by
the same phases owing to their different depths of
scavenging: while **Th is associated with the organic
matter recently produced in the surface water, >**Th,, is
mostly associated with the fine suspended particles that
are aggregated to the large sinking particles throughout
the water column. Second, we raise the possibility that
#30Th,, in the deep ocean is not controlled by major
phases but rather by MnO, coatings. While further
testing of this hypothesis is required, it stresses that
29Th (as well as **'Pa) scavenging cannot be studied
just through the correlations of **°Th,, with the major
phases in the trapped material.
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