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Abstract—Here we present the results of experiments investigating the adsorption of Protactinium and
Thorium onto different particle types in natural seawater. Particle types studied were smectite as a represen-
tative of clay, biogenic opal from a cleaned diatom culture, manganese dioxide precipitate, and calcium
carbonate. The particles were added to three different types of natural seawater (0.5 mg/L) which were first
0.2 �m-filtered, and the distribution of Pa and Th between dissolved and particulate phase (�0.2 �m) was
monitored for 4 to 5 d atincreasing time intervals. The tracers applied were the�-emitters233Pa and234Th.
The measurement technique via�-counting for both nuclides in the same sample is reported here for the first
time.

The observed recoveries during the experiment range from 40 to 99 (�5) % for Th and from 51 to 105 (�6)
% for Pa. The distribution coefficients (Kd) after establishment of an equilibrium cover a wide range for Th
from 0.5 to 107� 106 ml/g, and from 0.03 to 166� 106 ml/g for Protactinium, depending on particle type
and on the type of seawater used.

Thorium revealed a specific affinity for all particle types investigated, with varying degree and adsorption
kinetics. The results suggest that all particle types investigated may serve as Th carrier phases in the sediment.
Pa was found to be less particle reactive than Th in most cases. Th/Pa fractionation factors (FTh/Pa) were also
obtained. Weakest fractionation was found on MnO2 (FTh/Pa�1), followed by the chemically cleaned biogenic
opal (2.8) and smectite (5.4). The results for calcium carbonate were highly variable. Our experimental results
imply that particle composition is indeed playing a role in the differing marine geochemistry of Th and Pa.
We conclude that experiments with filtered natural seawater using particle concentrations on a natural level
are a helpful approach when investigating the geochemical behaviour of strongly particle-reactive elements

like Th and Pa in the marine environment.Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Thorium (Th) and protactinium (Pa) are radioactive elem
that occur naturally in the ocean. Different Th- and Pa-nuc
with specific half-lives (234Th: 24.1 d,230Th: 75200 yr, an
231Pa: 32500 yr) are constantly supplied at a known ra
seawater by the decay of uranium. Uranium displays co
vative behaviour under most oceanic conditions. In con
both thorium and protactinium are rapidly removed from
water by particles, to which they -generally speaking- rea
adsorb. Depending on the constant production rate of th
spective Th- or Pa-nuclide, and on particle flux, a more or
pronounced radioactive disequilibrium between the proge
(a uranium isotope) and its daughter nuclide develop.
disequilibrium, a depletion of Th or Pa in the water colu
with respect to uranium, or an enrichment of Th and Pa in
upper sediment layers, provides information about particle
This information is particularly precious because there are
few such tools available that enable us to convert conce
tions (the property which is usually accessible to meas
ments) into fluxes (the parameter needed to calculate bud

Consequently, the longer-lived isotopes230Th and 231Pa
have been used to calculate a variety of variables in the co
of particle flux, including sediment rain rates and sedim
redistribution (Suman and Bacon, 1989; Franc¸ois et al., 1993
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Thomson et al., 1993) or variations of productivity in space a
time (Anderson et al., 1983a,b; Kumar et al., 1993, 1995). For
a recent review on the applications of long-lived radionucl
of the U- and Th-series, seeHenderson and Anderson (200.

The shorter lived isotopes234Th and228Th (half-life 1.91 yr
a product of the232Th decay series) are used to calcu
particle export from the surface layer (Tsunogai and Minagaw
1976; Coale and Bruland, 1985; Buesseler et al., 1992; Ru
van der Loeff et al., 1997); and particle recycling in the benth
nepheloid layer (Rutgers van der Loeff et al., 2002), and much
has been learned about the interaction of different particle
classes (particulate-colloidal-dissolved) from the distributio
the short-lived thorium isotopes. Many works have shown
colloidal substances are involved in the adsorption and de
tion of Th onto particles (Tsunogai et al., 1974; Li et al., 198
Honeyman et al., 1988; Honeyman and Santschi, 1989; B
ran et al., 1992; Tsunogai et al., 1994; Quigley et al., 20).
This fact is widely applied to investigate the role of colloids
oceanic biogeochemical cycles. A large fraction of Th is kn
to be adsorbed onto colloidal organic matter, as shown
example byBaskaran et al. (1992)or Guo et al. (1997). Severa
studies (Wen et al., 1997; Burd et al., 2000; Quigley et
2001) have pointed out the role of colloid aggregation
adsorption onto particles for the formation of larger aggreg
For a recent review of the applications of short-lived U-
Th-series nuclides, seeCochran and Masque´ (2003).

However, it is not just particle flux and half-life whi

controls the distribution of thorium and protactinium. Other



1490 W. Geibert and R. Usbeck
factors, still far from being quantitatively understood, have to
be taken into account. These factors are, firstly, advection,
mainly influencing the long-lived nuclides 230Th and 231Pa.
Their residence time in the water column of the ocean is long
enough to allow some lateral transport to occur before they are
scavenged (Anderson et al., 1983a,b). Pa is much more affected
by advection than Th, a fact that has been used to reconstruct
circulation patterns of the past (Yu et al., 1996; Marchal et al.,
2000). Secondly, and this is the issue to which this work is
intended to contribute, the degree to which the composition of
particles influences the distribution of 230Th and 231Pa in the
oceanic environment is still a matter of debate.

The possible variability of the Th-distribution among differ-
ent particle types has been a source of uncertainty in the
interpretation of 230Th-corrected particle fluxes in sediment
traps as well as in the sediment itself. The same is true for
estimations of carbon export from the euphotic zone of the
ocean based on 234Th, or the use of 231Pa/230Th as a paleopro-
ductivity or paleocirculation proxy. Attempts to give a quanti-
tative prediction of the distribution of a distinct radionuclide in
a natural mixture of particles suffer from the extreme variabil-
ity in particle properties. The whole complexity of natural
particles must, for practical reasons, typically be reduced to a
few characteristic parameters when describing their composi-
tion, e.g., %carbonate, %opal, %Corg, and %lithogenic (some-
times a synonym for “ the rest” ), or %sand, %silt and %clay.
Obviously, these parameters have little to do with the physical
or chemical properties actually useful for a quantitative de-
scription of trace metal adsorption such as the available surface
area or the mineralogical composition of the clay fraction. The
complex mechanistic description of trace element partitioning
within a continuum of natural particles, if possible at all,
conflicts with the coarse models we have to apply when using
a proxy.

To obtain a practical solution for this problem, we have here
divided the question of the influence of particle composition on
Th and Pa scavenging here into three different questions, cor-
responding to three different applications. Concerning the use
of 230Th as a constant flux tracer, it is necessary to find out
whether 230Th is mainly scavenged by one or more distinct
particle phases or whether it is distributed more or less homo-
geneously between different particles. If the latter is the case, it
may be applied to normalize the flux of virtually any sedimen-
tary component for redistribution, as has been done in the past
(e.g., Frank et al., 1999; Chase et al., 2003b). Concerning the
use of the 231Pa/230Th ratio as a proxy for paleoproductivity or
paleocirculation, it should be clarified whether different parti-
cles will fractionate 230Th and 231Pa differently. For example,
it has been proposed that opal is a phase preferentially scav-
enging 231Pa compared to 230Th (Walter et al., 1997; Chase et
al., 2002; Lao et al., 1992), thus obscuring the paleoproductiv-
ity record in opal dominated regions (Walter et al., 1999; Chase
et al., 2003a). The third, and most complex, question is derived
from the application of short-lived Th isotopes as tracers for
particle dynamics in the upper water layers. The question is
whether the composition of the colloidal phase of seawater,
presumably containing the largest fraction of Thorium in sea-
water, will influence the transfer of Th and Pa to the particulate
phase and thus the behaviour of Th and Pa with respect to

different particle types.
So far, almost all published attempts to answer the question
of Th and Pa adsorption onto different particles have chosen to
study the result of the adsorption process in natural particulate
matter, either in the sediment or in sediment trap material. The
few available experimental results on Th adsorption have not
been designed to answer the above mentioned questions and are
thus difficult to transfer to applications.

Here, we present experimental results on Th and Pa adsorp-
tion onto different particle types. The results shed light on some
major problems linked to the use of thorium and protactinium
in marine science. The experimental design presented here is
shown to be a step towards more natural conditions in exper-
imental approaches to the marine environment.

2. METHODS

2.1. Experimental Design

Previous attempts to investigate the adsorption of Pa and Th onto
particles via experiments (Anderson and François, personal communi-
cation; and our own preliminary experiments) have revealed severe
problems. Most problematic is the adsorption of the extremely particle-
reactive Th onto the walls of the containers when using artificial
seawater. Baskaran et al. (1992) had found evidence that adsorption
onto container walls was considerably decreased when additional col-
loids were present in the sample. Experiments with filtered natural
seawater still containing the original colloidal phase should therefore
provide two advantages: First, only this type of experiment could give
a realistic impression of the adsorption in natural systems and second,
the adsorption of Th and Pa onto the container walls should be largely
reduced if colloidal material is available in the sample.

A second difficulty in the design of such an experiment is the
selection of an appropriate type of particles to give reproducible results,
and to allow conclusions to be drawn about natural processes. In our
experiments, four particle types were used. We chose a pure clay
mineral (smectite) as representative for clay. For biogenic opal, a
previously cleaned culture of a diatom (Thalassiosira) was selected as
a representative. Besides clay and opal, calcium carbonate was in-
cluded in the experiments as a further main component of marine
sediments. Because manganese dioxide in the form of manganese
crusts and manganese nodules plays a prominent role in paleoceanog-
raphy and because this substance is widely applied in the sampling of
natural radionuclides, this particle type was included as well. Addition-
ally, one container was run without addition of particles to obtain a
blank value. This sample is called “control run.”

To find out whether the type of seawater used influences the adsorp-
tion behaviour of Th and Pa, the experiments were performed using
three types of 0.2 �m filtered surface water during a cruise from Punta
Arenas to Bremerhaven in May and June 2000 (RV Polarstern expe-
dition ANT XVII/4). The water types were:

1. Surface water from the Argentine Basin sampled at 30°5.9�S,
26°5.7�W as a representative for a Subtropical Gyre

2. Surface water from a location close to the West African upwelling
(20°13.2�N, 22°9.5�W, called WA) near the sites of the EUMELI-
program (Morel, 1996) as a representative for a mesotrophic site.

3. Surface water from the North Atlantic (46°35�N, 14° 26.5�W,
called NA), representing bloom conditions

To investigate the kinetics of the adsorption, subsamples were taken
in increasing time intervals. For each subsample, Th and Pa were
analyzed in the particulate and dissolved fraction. The complete sam-
pling scheme is shown in Table 1.

2.2. Preparation of Particles

The smectite was a standard for determination of clay minerals via
X-ray diffraction. To remove the large grains (mainly quartz) contained
in the standard, a suspension of smectite in distilled water (�12 M� ·
cm) was prepared in a 30 cm high cylindrical glass and set aside for 1 d.
The supernatant, containing the smallest size fraction, was decanted

and retained, and the procedure was repeated. Afterwards, the milky
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suspension obtained was filtered three times (0.2 �m Nucleopore
cellulose acetate filters, 142 mm diameter) to separate the smectite from
all particles �0.2 �m, which could otherwise be found in the dissolved
phase during the experiments. After each filtration, the smectite was
rinsed off the filter and resuspended. The concentration of the final
suspension was determined by taking three small subsamples of known
volume, which were dried and weighed.

The biogenic opal was obtained from several cultures of the diatom
Thalassiosira. To destroy all organic material, the particles were first
treated with H2O2 (30%), then with concentrated HNO3. The particles
were allowed to settle in a cylindrical vessel and the HNO3 was
decanted. The suspension obtained was repeatedly diluted with distilled
water, set aside to allow the particles to sink out, decanted and filled up
again until a pH of 5.5 was attained. Afterwards, particles �0.2 �m
were separated and the particle concentration was determined as de-
scribed for smectite. The obtained suspension formed a feltlike deposit
at the bottom of the PE-bottle after storage, which could be brought
back into suspension by vigorous shaking. Inspection of the particles
under a microscope revealed mostly sickle-shaped fragments of the
diatom frustrules. The original diameter of the diatoms was 	70 �m.

The carbonate particles were calcium carbonate pro analysi (p.a),
obtained as a chemical reagent. The suspension was prepared in similar
way to the opal suspension apart from the steps with H2O2 and acid,
and filtered (0.2 �m) seawater from the North Sea was used instead of
distilled water to rinse the particles.

The manganese dioxide particles were prepared by adding a solution
of MnCl2 to KMnO4. The precipitate of MnO2 was treated as described
above to remove all particles �0.2 �m.

2.3. Thorium and Protactinium Spikes

The protactinium isotope used was 233Pa, a �-emitter with a half-life
of 27.0 d (Usman and MacMahon, 2000). The emitted electron has a
maximum energy of 0.6 MeV. The 233Pa spike was obtained by milking
233Pa from a 237Np-solution (following Anderson, personal communi-
cation). To ensure complete removal of HF in the spike, it was heated
down several times to a small drop of fuming H2SO4, followed by a
rinse with conc. HNO3. The spike was stored in 4M HNO3 and had a
specific activity of 66.67 dpm/mL at 05/15/2000, 0:00 h.

The thorium isotope used was 234Th, a �-emitter with a half-life of
24.1 d. The energy of the electron emitted by 234Th is very weak, but
its immediate daughter 234mPa (half-life 1.17 min) is also a �-emitter
with a much higher energy of maximum 2.3 MeV (Nour et al., 2002).
The decay of 234mPa was used for determination of 234Th here. In fact,
we added a uranium solution in 4 mol/L HNO3 with a specific activity
of 238U of 783.2 dpm/mL in which 234Th was in secular equilibrium.
The samples had therefore to be corrected for the ingrowth of 234Th
from 238U after sampling.

Immediately before addition of the spike mixture to the seawater
samples, it was neutralized with NaOH 50% (s.p.) in a small PTFE

Table 1. Sampling

Step 1 3 Step 2 3

natural seawater from 3
locations 0.2 �m filtered:

split in five 3-liter samples
spikes added and these
particles added, resp.:

eac
i

Argentine Basin (AB) smectite bef
a

Off West Africa (WA) biogenic opal aft
North Atlantic (NA) calcium carbonate aft

MnO2 aft
control run aft

aft
aft
aft
aft

A

beaker (5 mL volume) to avoid acidification of the seawater. This
procedure was quantitative for the spikes (no loss on the walls of the
PTFE beaker, as proven by recoveries). The only disturbing effect of
the spiking procedure was the transient formation of small particles
(not visible, but seen in particulate Th and Pa immediately after
addition of the spikes). However, our results indicate that these parti-
cles (presumably NaNO3) dissolved rapidly and had no influence on the
further experimental results.

2.4. The Experiments

At the respective locations, 	20 L of seawater from the ship’ s
seawater supply were collected in a polycarbonate container. The
seawater supply had been run continuously. The container was previ-
ously cleaned mechanically and chemically (HCl 32%). The water was
filtered (0.2 �m Nucleopore cellulose acetate filter, 142 mm diameter)
and immediately filled via acid-cleaned tubes into another 20 L poly-
carbonate container similarly cleaned.

Five polycarbonate containers placed on magnetic stirrers were each
filled with 3 L of the filtered seawater and the pH was determined with
a glass electrode. All samples were stirred continuously with PTFE-
coated magnets. Five portions of the spikes (Th and Pa mixed) were
neutralized as described above and then immediately added to the
samples. For the determination of particulate and dissolved Th and Pa
(see Tab.1), a subsample of 200 mL was taken from the sample via a
PE-spigot after the container had been shaken to bring particles adhered
to the container walls into suspension. The first subsample was taken
after the spikes had been added. Only then were the particles added to
the samples to give a particle concentration of 0.5 mg/L, which is
comparable to naturally occurring particle concentrations in the ocean.
Higher particle concentrations would have led to very low dissolved
fractions of the nuclides, resulting in large counting uncertainties.
Subsamples were taken 2, 6, 14, 30, 48, 72, 96 and 120 h after the
addition of the particles. Temperature was not actively controlled but
can be assumed to be constant (air-conditioning in the ship’ s labora-
tory). The pH of the water was measured before each subsample was
taken in the control run (no particles added) and occasionally checked
in the particle suspensions for comparison (no differences found). The
pH was found to decrease continuously from 	8.55 at the beginning of
the experiment (after spiking) to 8.31–8.4 at the end of the experiment
for all water types. The original pH of the filtered seawater was
between 8.35 and 8.4 after filtration.

The subsamples were pumped over a 0.2 �m cellulose acetate filter
(25 mm), followed by 	20 mL of distilled water (�15 M� · cm) to
include the part of the sample still in the in the pumping system,
followed by an air bubble, which marked the end of the filtration and
removed the water from the filter surface. Th and Pa measured on this
filter is referred to as “particulate” . The pump used for filtration was a
KNF Flodos ND 300 diaphragm pump, max. flow rate 3 L · min
1. The
filtrate was filled into a 500 mL PE bottle. 50 �L of a 50 g/L
FeCl3-solution in 1 n HCl were added to the filtered subsample,

asurement scheme.

p 3 3 Step 4 3 Step 5

ample split
ractions:

From each sample
200 ml subsamples

3 measurements each
fraction:

ticles were particulate (�0.2 �m) 234Th

dissolved (�0.2 �m) 234Th�233Pa
234Th from 238U

(except
and me

Ste

h subs
n two f

ore par
dded

er 2 h
er 6 h
er 14 h
er 30 h
er 48 h
er 72 h
er 96 h
er 120 h

B)
followed by 3 drops of NH4OH to form a precipitate of Fe(OH)3 and
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Mg(OH)2. This coprecipitation technique is also used for quantitative
recoveries when preparing samples for analysis of Th and Pa via
�-spectrometry. The filtered subsample with the precipitate was set
aside for at least 1 d to allow complete adsorption of all dissolved Th
and Pa. Subsequently, the subsample was filtered under pressure over
a 0.2 �m cellulose acetate filter as described above. The precipitate
with Th and Pa remained quantitatively on the filter. Th and Pa
measured in this precipitate is referred to as “dissolved” .

All 25 mm filters were carefully taken out of the filtration system and
placed upside down on a circular piece of thin polyethylene film (cling
film) of 4 cm diameter. The border of the film was folded onto the
“clean” side of the filter, leaving an area of 1.5 cm in diameter
uncovered by the film. The filters were placed on a thin cover glass and
placed on a hotplate (150°C) covered with Kleenex, covered with
another layer of Kleenex and sealed in the PE film with gentle pressure
until the filter was dry and the film started to stick to the paper. The
samples obtained this way have an optimal shape for the following
�-counting because of their size and their low and constant self-
absorption due to their flat and constant shape. They can also be easily
measured via �-spectroscopy and are convenient for handling and
storage.

2.5. Measurement of Th and Pa via �-Counting

The method to measure 234Th and 233Pa on the same sample via
�-counting applied here has, to our knowledge, not been described
previously. The method is based on the different energy of the electrons
emitted by 233Pa and the immediate daughter of 234Th, 234mPa. Elec-
trons emitted by 233Pa have a considerably lower energy, leading to a
rapid absorption by films of a certain thickness. We found that mea-
surements of 233Pa standards prepared similarly to our subsamples and
covered by 6 layers of thick plastic film (as used for overhead trans-
parencies) yielded only 	2% of the initial decays as compared to a
standard covered with one layer of thin film. For 234Th standards, still
43% of the initial events were detected with the thick cover. Therefore
the samples were first counted under 6 layers of thick plastic film to
calculate the amount of Th in the sample. Subsequently, the samples
were measured under one layer of thin PE-film (cling film) to detect the
decays of Th and Pa simultaneously. The fraction of Th decays can be
determined from the initial measurement, and the remaining events
were attributed to 233Pa. The �-counter (GM-counter) used was a
model from Risø Laboratories, Denmark, providing detectors for si-
multaneous measurement of five samples with 25 mm diameter (model
GM25-5). This sea-going device has a background of 0.12 counts per
minute (cpm).

One year after the cruise the samples were counted again to deter-
mine the uranium activity via 234Th now grown into equilibrium. Then
a small correction for 234Th ingrown from 238U between the sampling
and the first measurement of 234Th (max. 6 d) was performed. The
decay of 234Th between the measurement of 234Th and 234Th�233Pa
was also included in the calculations.

Despite the large number of measurements, calibration factors and
corrections needed, the method has proven to be simple and reliable.
The resulting error in Th and Pa concentrations from error propagation
of counting statistics and uncertainty (1�) in the calibration was found
to be mostly below 5%. Larger errors occur in Kd values and in the
fractionation factor especially if particulate and dissolved activities are
very different, as the uncertainty increases at low activities.

We compared the results for Pa of 24 samples (particulate and
dissolved) to measurements via �-spectrometry. The analysis was done
in our home lab on a Ge well type detector (effective volume 126 cm3,
full width at half maximum at 1.33 MeV: 2.05 keV). 233Pa was
measured at 312 keV (efficiency 33.7%). We found that the results
agreed within the counting error for the samples and standards obtained
by the above described Fe(OH)3-precipitation. For the particulate sam-
ples, 233Pa determined by �-counting turned out to be overestimated by
16% (�8%) when compared to �-measurements. This effect can be
attributed to the lower self-absorption compared to samples prepared
with Fe(OH)3. As the calibration of the �-counter was done with
standards in Fe(OH)3, activities of particulate samples not containing
Fe(OH)3 were initially overestimated. After the particulate samples had
been corrected for this overestimation, an excellent agreement between

the results of �-counting and �-spectrometry was obtained (Fig. 1).
For 234Th, no difference in efficiency between particulate samples
and samples in Fe(OH)3 was observed because of the higher energy of
the electrons. A direct comparison of the two measurement techniques
(as for 233Pa) cannot be given for 234Th because some 234Th had
ingrown from 238U after the expedition and much of the initial 234Th
had decayed, leading to very large statistical errors in the �-counting.
However, the good agreement between 233Pa via �-counting and
�-spectrometry implies that the initial 234Th-values are also correct
because the determination of 233Pa via �-counting requires a precise
value for 234Th.

3. RESULTS

3.1. Recoveries

The recoveries of Th and Pa were calculated as the sum of
measured activity in the particulate and dissolved fraction,
compared to the initially added activity of the respective iso-
tope. The observed recoveries for Thorium (Table 2, left side)
range from 40 to 99%. Lowest recoveries were found in the
samples with no particles added (control runs) and in the
carbonate runs. There, obviously some loss to the container
walls occurred. Smectite and opal particles yielded higher
recoveries with values around 70%. Almost quantitative recov-
eries (with some exceptions towards the end of the experi-
ments) are found in the MnO2 run, indicating that MnO2 shifts
the Th-equilibrium between suspended particles and container
walls virtually completely towards the suspended particles.
Only for the last two MnO2-subsamples in water from the
North Atlantic a significant amount of MnO2 particles (	30%)
seems to get adsorbed onto the container walls. This loss is also
seen for Pa. Generally speaking, little variation in recovery is
seen between the different water types. Variation between the
particle types is larger.

Protactinium recoveries (Table 2, right side) show a picture
similar to Th. Recoveries for Pa are generally somewhat higher
than for Th, indicating smaller losses to the container walls.

Fig. 1. Comparison of 233Pa results from �-method described in text
and corresponding �-measurements
Highest recoveries are again found for MnO2.
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3.2. Thorium on Different Particles

The percentages given for the particulate fraction of thorium
were calculated as the particulate activity of thorium (Thpart)
divided by the sum of dissolved and particulate thorium. The
obtained values cover virtually the full range of possible re-
sults, from 4 to 98% (Fig. 2).

Some very low particulate activities imply that adsorption of
Th onto the filter when separating particulate and dissolved
phase was not taking place.

The most striking feature is the similar temporal pattern of
adsorption for distinct particle types, although in some cases on
different levels depending on the type of seawater used.

Another interesting finding with consequences for further
interpretation of the results is the outcome of the control runs
with no particles added (Fig. 2a). Here, a considerable fraction
of Th was found in the particulate phase, sometimes more than
in samples with particles added.

This control run was intended to serve as a blank value to be
subtracted from the results. The obtained “blanks” as shown
here can obviously not be used that way, not only because they
are sometimes higher than for the other runs, but also because
they display a completely different temporal development, in-
dicating the occurrence of different processes. In the control
runs, particulate activities first rise, then decrease slightly and
rise again towards the end of the experiment. This evolution is
not seen in any of the other experiments. We attribute the high

Table 2. Recoveries of Th (lef

Site
Time
(h)

Thorium

Control run

Recovery (

Smectite MnO2 C

Argentine Basin 0 51 � 2 62 � 3 60 � 3 5
2 55 � 3 44 � 2 77 � 4 4
6 67 � 3 74 � 3 96 � 5 6

14 65 � 3 59 � 3 lost 6
23 65 � 3 62 � 3 88 � 4 5
45 62 � 3 77 � 3 89 � 4 6
68 54 � 3 82 � 4 95 � 5 5
90 40 � 2 74 � 3 87 � 4 5

Off West Africa 
1 76 � 3 79 � 3 83 � 3 8
2 75 � 3 70 � 3 87 � 4 7
6 77 � 3 79 � 3 96 � 5 7

14 77 � 3 70 � 3 97 � 5 7
28 52 � 2 75 � 3 93 � 4 5
46 65 � 3 64 � 3 90 � 4 7
70 62 � 3 71 � 3 91 � 5 6
94 73 � 3 80 � 4 95 � 5 6

118 51 � 2 72 � 3 89 � 4 5
North Atlantic 
1 68 � 3 80 � 3 84 � 3 7

2 61 � 3 72 � 3 96 � 4 5
6 71 � 4 81 � 3 96 � 4 7

15 83 � 5 79 � 3 96 � 4 6
29 60 � 3 76 � 3 99 � 5 6
47 65 � 3 80 � 3 94 � 4 6
71 59 � 3 74 � 3 87 � 4 6
95 58 � 3 74 � 3 71 � 4 6

119 53 � 2 69 � 3 60 � 3 5

a Each of the three horizontal panels represents a different water ty
of the table.
particulate activities in the control run to the formation of
particles in filtered natural seawater. This effect is known from
other experiments using natural seawater (Chin et al., 1998).
Compared to those experiments, particle formation here is
enhanced by continuous stirring of the sample. The observed
fraction of thorium on particles is sometimes even higher than
typically reported for natural samples. Besides the formation of
particles enhanced by stirring, the smaller pore size used here
(0.2 �m) compared to most works on natural samples (1 �m)
may also contribute to relatively high particulate activities in
the control run, because smaller aggregates will be retained on
the filter and attributed to the particulate phase.

The presence of clay (0.5 mg/L) led in all three runs to a
relatively high particulate fraction of thorium (64–82% after
more than 2 d). Highest Th activities on particles were observed
for MnO2 (around 90%). In some cases, lower activities were
found on MnO2 towards the end of the experiments. We con-
clude that loss of particles to the container walls was the reason
because Protactinium activities are affected the same way in
those samples, and recovery was low. The results for CaCO3

differ strongly depending on the water type used. The particu-
late fraction on biogenic opal is for two cases surprisingly
constant at 	30%, in one case constantly around 45% with the
exception of the two last values, which we consider to be
outliers. In contrast to the other particle types, an equilibrium
seems to be established immediately, even faster than for
MnO2.

a (right) for all subsamples.a

Protactinium

Control run

Recovery (%)

Opal Smectite MnO2 CaCO3 Opal

66 � 3 70 � 3 71 � 3 59 � 3 68 � 3 66 � 3
63 � 3 64 � 3 52 � 2 77 � 4 59 � 3 61 � 3
70 � 3 82 � 4 83 � 3 93 � 5 80 � 4 79 � 3
80 � 3 77 � 3 57 � 2 lost 82 � 4 83 � 3
66 � 3 78 � 4 82 � 3 90 � 5 67 � 3 82 � 4
72 � 3 76 � 3 85 � 3 97 � 5 76 � 3 73 � 3
71 � 3 74 � 3 84 � 3 87 � 5 77 � 3 63 � 3
71 � 3 63 � 3 78 � 3 95 � 5 74 � 3 74 � 3
64 � 3 91 � 4 81 � 4 81 � 4 79 � 4 67 � 3
77 � 3 76 � 3 78 � 3 85 � 4 79 � 4 77 � 3
79 � 3 75 � 4 81 � 4 98 � 5 85 � 4 79 � 4
76 � 3 64 � 3 68 � 3 96 � 5 71 � 3 72 � 3
72 � 3 51 � 2 79 � 3 95 � 6 62 � 3 61 � 3
83 � 3 74 � 3 97 � 4 96 � 6 76 � 4 91 � 4
84 � 4 69 � 3 73 � 3 87 � 5 63 � 3 84 � 4
79 � 3 78 � 4 81 � 3 93 � 6 82 � 4 88 � 4
74 � 3 57 � 3 79 � 3 84 � 5 70 � 3 82 � 4
74 � 3 69 � 3 79 � 4 79 � 4 73 � 3 72 � 3
58 � 2 67 � 4 68 � 4 99 � 5 73 � 4 68 � 3
86 � 4 67 � 4 75 � 4 93 � 5 80 � 4 83 � 4
80 � 4 81 � 5 79 � 4 105 � 6 80 � 4 75 � 4
68 � 3 74 � 4 66 � 3 95 � 6 73 � 4 67 � 3
84 � 3 65 � 4 67 � 3 104 � 6 89 � 5 87 � 4
74 � 3 78 � 4 70 � 3 89 � 5 68 � 4 82 � 4
59 � 3 61 � 3 85 � 4 75 � 5 80 � 4 83 � 4
63 � 3 66 � 3 84 � 4 70 � 4 65 � 3 60 � 3

respective time after addition of the particles is given at the left side
t) and P

%)

aCO3

7 � 3
9 � 2
8 � 3
0 � 3
9 � 3
0 � 3
9 � 3
6 � 3
1 � 3
3 � 3
8 � 4
0 � 3
4 � 3
2 � 3
0 � 3
7 � 3
8 � 3
4 � 3
9 � 3
6 � 4
2 � 4
2 � 3
8 � 3
8 � 3
2 � 3
7 � 3

pe. The
Comparing the findings from the different runs, our results
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suggest that the presence of some particle types in natural
seawater may influence the process of particle formation by
aggregation. A comparison of the control run to the carbonate
and opal runs reveals that particle formation induced by stirring
was reduced in some cases when CaCO3 or biogenic opal were
present. The few experiments presented here do not yet allow
us to draw final conclusions, but they point towards an inter-
esting aspect of particle formation. Currently, it remains spec-
ulative whether the effect is an experimental artefact or the
reflection of a naturally occurring process.

The measured activities together with the known particle
concentration allow the calculation of particle specific distri-
bution coefficients (Kd-values) for the element:

Kd �
Activity

g Particles � Activity

ml Solution
(1)

The concept of the Kd-value requires an equilibrium between
dissolved and particulate phase. Obviously, in the beginning of
the experiments the equilibrium is not yet established. The time
needed for the equilibrium to be established depends on the
particle types used. The decision whether equilibrium condi-
tions were given had to be made for each sample individually,
as indicated by bold types in Table 3. There, we give an
overview of the obtained Kd-values for Thorium.

Highest Kd-values were found, just as expected, for MnO2.
These values have a quite large error due to the fact that
dissolved activities are very low, thus adding a large measure-
ment uncertainty to the final value. However, the mean Kd-
value for Thorium on MnO2 (as a precipitate with very fine
grain-size) seems to be a robust estimate with 46 � 106 ml/g,
considering the range of the results. It should be mentioned that
this Kd-value may be an underestimate of the true value.
Because virtually all Thorium available was adsorbed to parti-
cles, we cannot exclude that lower particle concentrations
would also have led to a similar activity of Th on particles, and
hence higher Kd-values.

The results for smectite are similar in all three runs. A mean
Kd of 7.1 � 106 ml/g is obtained. The similarity of all three
runs, the well established equilibrium and the still significant
amounts of Th in the dissolved phase are supporting this value.

For biogenic opal, a mean Kd of 1.2 � 106 ml/g was
calculated (excluding two outliers). Comparing the size of the
Thalassiosira diatom frustrules used here to that of the clay or
MnO2 particles, one must conclude that the surface of biogenic
opal is very reactive with respect to Thorium. This is supported
by the very rapid establishment of the equilibrium. When the
first subsample was taken after 2 h, the adsorption process was
virtually completed.

For calcium carbonate, we give no overall mean Kd value
because the three runs differ considerably. The results also
differ considerably from the control runs, as seen in the graphs
of Thpart vs. time (Fig. 2). However, the design of our exper-
iment does not allow us to draw further conclusions on the
reason for the different results. We did not observe changes in
pH that correspond to the evolution of particulate Th in the
carbonate run.

For the control run, we cannot give a Kd value because

Fig. 2. The fraction of particulate thorium vs. time for five different

particle types. Different symbols indicate water from different locations
(see panel a for water type captions). Errors (1�) are in general �3%.
 particle concentration is not known.
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3.3. Protactinium on Different Particles

In general, protactinium is less particle reactive than tho-
rium. The observed particulate fractions of Pa (Papart) range
from 1 to 99%. Errors are larger than for thorium as a conse-
quence of the measurement technique and the sometimes very
low particulate activities. However, some clear results are ob-
tained. In the control run, much less Pa than Th is found in the
particulate phase. The results for Papart in the carbonate run are
as low as in the control run.

Clear effects of adsorption were seen with MnO2, smectite
and biogenic opal. In the MnO2 run, virtually all Pa was found
in the particulate phase after more than 1 d. This result com-
pares well to thorium. However, adsorption is evolving more
slowly than for thorium, indicating that a particle concentration
adsorbing less than all Pa might reveal a fractionation of Th and
Pa by MnO2.

In the smectite run (Fig. 3b), the fraction of Papart increases
continuously until an equilibrium is reached after more than
3 d.

In contrast, the adsorption of Pa onto biogenic opal seems to

Table 3. The distribution coefficients (Kd in 106 ml/g) for Thorium
three different water types.a

Site time (h) Smectite

Argentine Basin 2 2.64 � 0.2
6 3.16 � 0.2

14 6.50 � 0.5
23 6.13 � 0.6
45 5.38 � 0.4
68 8.45 � 0.7
90 10.19 � 1.0

Mean Kd 7.3
Range Kd

c 5.4–10.2
Off West Africa 2 1.36 � 0.1

6 1.70 � 0.1
14 3.15 � 0.2
28 4.64 � 0.4
46 4.82 � 0.4
70 5.78 � 0.4
94 5.82 � 0.5

118 8.49 � 0.8
Mean Kd 5.9
Range Kd

c 4.6–8.5
North Atlantic 2 0.80 � 0.0

6 1.47 � 0.1
15 2.51 � 0.2
29 4.73 � 0.3
47 6.49 � 0.5
71 8.34 � 0.7
95 9.05 � 0.8

119 8.85 � 0.8
Mean Kd 8.2
Range Kd

c 6.5–9.1
Mean Kd total 7.1
Range Kd totalc 4.6–10.2

a Errors are given as 1� deviation, the calculation is including error p
concentration is unknown. For CaCO3, no overall mean Kd value is giv
values shown in bold type are assumed to represent equilibrium conditi
and the ranges. These numbers are given at the bottom for the individ

b Excluded as an outlier.
c Rounded.
take place immediately. Papart values on opal are lower than for
smectite, though adsorption of Pa onto opal is faster than onto
smectite.

The Kd-values for Pa as given in Table 4 are lower than those
of Th, except on MnO2. Also remarkable is the slower reaction
of Pa with smectite and MnO2, whereas a similar or faster
reaction is found with calcium carbonate and biogenic opal.

3.4. Th/Pa Fractionation by Different Particles

The experimental determination of Th/Pa fractionation fac-
tors (FTh/Pa) was one of the objectives of this work. The
fractionation factor, describing the preferential uptake of an
element or isotope compared to another, can be calculated as
the ratio of their respective Kd-values.

Because the particle concentration cuts out in this calcula-
tion, our overview of FTh/Pa (Table 5) contains a column for the
control run with unknown particle concentration, too. In the
order of increasing fractionation, we obtain a value of 1.0 (no
fractionation) for MnO2, a value of 2.8 for opal, 5.4 for smec-
tite, and 6.7 for the control run with particles presumably

erent particles vs. time elapsed since beginning of the experiments, in

MnO2 CaCO3 Opal

11.0 � 1.1 0.36 � 0.04 1.64 � 0.15
27.6 � 3.7 0.59 � 0.06 1.49 � 0.14

lost 0.69 � 0.06 1.96 � 0.16
34.3 � 6.0 1.29 � 0.11 1.87 � 0.18
26.0 � 3.6 6.22 � 0.59 1.88 � 0.15
27.5 � 3.6 7.46 � 0.79 8.13 � 0.77b

31.2 � 4.6 7.92 � 0.87 6.60 � 0.60b

30 7.2 1.8
26–34 6.2–7.9 1.5–2.0

19.8 � 1.8 0.42 � 0.04 0.87 � 0.07
36.1 � 4.2 0.32 � 0.03 0.96 � 0.07
50.3 � 7.2 0.49 � 0.04 0.88 � 0.07
49.1 � 8.0 0.51 � 0.05 0.95 � 0.08
36.9 � 5.4 0.71 � 0.05 0.88 � 0.07

106.7 � 23.1 1.58 � 0.13 0.90 � 0.08
43.5 � 6.7 1.25 � 0.11 1.06 � 0.09
69.5 � 18.2 1.29 � 0.11 1.32 � 0.10

61 1.4 1.0
37–107 1.3–1.6 0.9–1.3

13.8 � 1.2 0.16 � 0.02 0.77 � 0.07
17.1 � 2.2 0.09 � 0.01 0.80 � 0.06
30.7 � 5.5 0.16 � 0.02 0.81 � 0.07
38.0 � 4.7 0.28 � 0.03 1.74 � 0.14
47.7 � 9.0 0.35 � 0.03 1.07 � 0.08
48.0 � 9.0 0.54 � 0.04 1.03 � 0.08
46.1 � 8.3 0.58 � 0.05 0.89 � 0.07
39.8 � 6.6 0.81 � 0.07 1.57 � 0.13

44 0.6 1.1
38–48 0.5–0.8 0.8–1.7

46 — 1.2
26–107 0.5–7.9 0.8–2.0

tion. For the control run, no Kd-value can be given because the particle
use the individual runs obviously belong to different populations. The
ly these values were included in the calculation of the mean Kd-values
ter types, and in the bottom of the table for all water types.
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overall mean because the values are differing extremely, as
indicated by the range.

4. DISCUSSION

4.1. Data Quality

Keeping in mind that no correction was made for addition-
ally forming particles as observed in the control run, the F-
factors have to be reconsidered carefully. For example, the
value of 2.8 for opal is certainly an upper limit of its true
F-Factor. Assuming that some additional particles with a much
higher F-factor (6.7), as found in the control run, might have
formed in this experiment too, the value for opal may be biased
towards the F-factor of such particles. We therefore conclude
that the F-factor of our biogenic opal is probably less than 2.8.

For MnO2, the result (FTh/Pa � 1.0) may be biased in the
other direction. An influence of additional particles is unlikely,
because the particulate fractions of Th and Pa were much
higher than in the control run. Actually, virtually all Th and Pa
was found on particles. Therefore a potential difference in the
adsorption behaviour of Th and Pa might have been over-
looked. Indeed, the somewhat slower adsorption of Pa onto
MnO2 points towards that possibility. Even lower concentra-
tions of MnO2 than our 0.5 mg/L would be required to resolve
such a difference, if present.

For smectite, not much bias is to be expected because the
F-factors of control run and smectite run are comparable.
Furthermore, in the smectite run, a high fraction of the nuclides
was found on particles, much more than in the control run but
still enough to obtain reliable Kd values. Therefore, we expect
the signal of smectite to dominate a potential signal of addi-
tionally present particles. Because all three runs with smectite
have yielded very similar results, we have little doubt that 5.4
is a reasonable estimate of FTh/Pa for smectite in natural sea-
water from the sea surface.

The quality of the results for carbonate can not currently be
assessed. Extreme variability between the runs make repeated
experiments necessary to evaluate which effects are responsible
for the variations.

We also give a value for FTh/Pa in the particles formed in the
control run. In doing so, we implicitly assume that just one type
of particle forms, and that an equilibrium would be established.
This assumption probably does not hold true. However, the
values obtained are not meaningless. Because all FTh/Pa values
in the control run are far above unity, typically even higher than
for smectite, we conclude that the organic particles which
presumably form do fractionate thorium and protactinium
strongly.

Another aspect of data quality here is the transferability of
our values to the whole class of particles which they represent.
We chose here just one (chemically treated) diatom to represent
biogenic opal as a whole, smectite to represent the clay min-
erals, and a MnO2 precipitate represent naturally formed
brownstone. We certainly would expect different results for
different diatoms, clay minerals, or forms of MnO2. However,
our results give an idea of the differing adsorption processes for
different particle types. We expect results like the stronger
Th/Pa fractionation on smectite compared to our biogenic opal
Fig. 3. The fraction of particulate protactinium vs. time for five
different particle types. Different symbols indicate water from different
locations (see panel a for captions). Errors (1�) are in general �3%.
 to hold true in general for clay minerals compared to biogenic
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opal. This expectation is based not only on our own results, but
also on other results obtained by different approaches.

4.2. Comparison with Other Results

Only a few values for Th/Pa distribution are available in the
literature that may be directly compared with our results. The
best comparison is possible with the recent work of Chase et al.
(2002). There, pseudo-Kd-values (Kd*) for Th and Pa (and Be,
which is not considered here) in natural sediment trap material
are calculated, derived from the production of the nuclides in
the overlying water column. These values compare well to our
experimental findings, although they are based on a completely
different calculation approach.

The KdTh and KdPa values of Chase et al. (2002) are in the
same range as ours. Chase et al. (2002) give a value of 4.8 �
106 (g/g) for Th, and 5.7 � 105 (g/g) for Pa as an overall mean
for the natural particle mixtures. This compares well to our
results in Table 3 and Table 4, disregarding MnO2. Looking at
the data in more detail regarding the Kds of individual particle
types, Chase et al. (2002) give values for biogenic opal and
carbonate that may be compared to ours. Chase et al. report a
value for KdTh on opal of 0.39 � 106 (this work: 1.2 � 106),

6 6

Table 4. The distribution coefficients (Kd in 106 ml/g) for protact
ment.a

Site time (h) Smectite

Argentine Basin 2 0.37 � 0.0
6 0.41 � 0.0

14 1.01 � 0.0
23 0.68 � 0.0
45 0.97 � 0.0
68 1.35 � 0.1
90 1.84 � 0.1

Mean Kd —
Range Kd

b (1.8)
Off West Africa 2 0.33 � 0.0

6 0.46 � 0.0
14 0.53 � 0.0
28 0.64 � 0.0
46 0.83 � 0.0
70 1.06 � 0.1
94 1.30 � 0.1

118 1.22 � 0.1
Mean Kd —
Range Kd

b 1.2–1.3
North Atlantic 2 0.25 � 0.0

6 0.27 � 0.0
15 0.73 � 0.0
29 0.78 � 0.0
47 1.51 � 0.1
71 1.41 � 0.1
95 1.86 � 0.1

119 1.78 � 0.1
Mean Kd —
Range Kd

b 1.8–1.9
Mean Kd total 1.6
Range Kd totalb 1.2–1.9

a Errors are given as 1� deviation, the calculation is including error p
concentration is unknown. The values shown in bold type are assum
calculation of the mean Kd-values and the ranges. When only one or

b Rounded.
and a KdPa on opal of 1.4 � 10 (this work: 0.5 � 10 ). For
carbonate, they give a KdTh of 9.0 � 106 (this work: 0.5–7.9 �
106), and KdPa of 0.22 � 106 (this work: 0.17 � 106). The
approach of Chase et al. derives Kd from the relation of Pa and
Th found on particles in sediment traps to the Pa and Th
inventory in the overlying 1000 m water column. To obtain Kd

values for individual particle types, they use stations which
reasonably represent a two end-member mixing situation, and
extrapolate Kd for one end-member. Obviously, this approach
also gives rise to uncertainties, e.g., the 1000-m assumption, the
variability in the empirical relationships, or the extrapolation to
single end-members. However, considering the uncertainties in
their approach as well as in our own, the results agree reason-
ably well, and both studies show some similar trends. The
results of Chase et al. (2002) suggest that FTh/Pa of a pure
biogenic opal end-member would approach unity. Our results
are not inconsistent with this idea, considering the conclusions
about data quality for the opal run. For carbonate, the high
variability in our data does not allow a detailed comparison.
Concerning the importance of clay minerals for the scavenging
process, our results seem to show a discrepancy to Chase et al.
(2002) at first. Whereas our experiments point to a strong
adsorption of Th onto clay, the data set of Chase et al. seems to
show virtually no correlation between %lithogenic and KdTh.

n different particles vs. time elapsed since beginning of the experi-

MnO2 CaCO3 Opal

4.8 � 0.4 0.11 � 0.02 0.44 � 0.04
12.3 � 1.1 0.17 � 0.02 0.31 � 0.03

lost 0.10 � 0.01 0.54 � 0.05
19.2 � 1.9 0.11 � 0.01 0.35 � 0.03
34.4 � 3.2 0.21 � 0.02 0.50 � 0.04
76.3 � 8.2 0.26 � 0.03 0.35 � 0.04
65.5 � 6.9 0.34 � 0.03 0.23 � 0.02

59 0.27 0.39
34–76 0.21–0.34 0.2–0.5

7.1 � 0.6 0.32 � 0.03 0.38 � 0.03
9.2 � 0.9 0.18 � 0.02 0.36 � 0.03

43.0 � 4.4 0.09 � 0.01 0.43 � 0.04
68.5 � 7.8 0.04 � 0.01 0.46 � 0.05
37.5 � 4.0 0.18 � 0.02 0.37 � 0.04
68.4 � 8.2 0.03 � 0.00 0.39 � 0.04

165.9 � 20.1 0.19 � 0.02 0.40 � 0.04
35.1 � 3.9 0.13 � 0.01 0.34 � 0.03

75 0.13 0.39
35–166 0.03–0.19 0.3–0.5
5.4 � 0.5 0.14 � 0.02 0.26 � 0.03

10.8 � 1.1 0.08 � 0.01 0.48 � 0.05
17.0 � 1.8 0.03 � 0.00 0.41 � 0.04
55.9 � 7.0 0.03 � 0.01 0.59 � 0.06
41.1 � 5.5 0.01 � 0.00 0.53 � 0.05
25.0 � 2.8 0.15 � 0.02 0.44 � 0.04
96.2 � 12.4 0.11 � 0.01 1.01 � 0.09
23.9 � 3.0 0.14 � 0.02 0.70 � 0.07

48 0.13 0.59
24–96 0.11–0.15 0.4–1.0

61 0.17 0.5
24–166 0.03–0.34 0.4–1.0

tion. For the control run, no Kd-value can be given because the particle
epresent equilibrium values. Only these values were included in the
ues were available (smectite), no mean could be calculated.
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especially at the samples with a low content of lithogenic
matter, a strong correlation between KdTh and %lithogenic is
found in their data as well. This correlation is only found in
open ocean environments with their low particle concentra-
tions, and this is the water type that we used for our experi-
ments. From their results, it also seems likely that the differ-
ence between open ocean and ocean margin plays a major role
for the partitioning of Th and Pa between the particulate and
dissolved phases. Open ocean values and ocean margin values
obviously belong to different populations. This idea is consis-
tent with our finding of different relationships in different water
types.

An experimental setup comparable to ours, although with
different particle types, may be found in Nyffeler et al. (1984).
They studied the adsorption of Th and Pa (besides other radio-
tracers) onto fecal pellets and sediment trap material over a
longer period (up to 110 d). They obtain for FTh/Pa a value of
	10 (sediment trap material), and 	5 (fecal pellets, calculated
from fig. 3 in Nyffeler et al., 1984). The lack of characterization
of the material used by Nyffeler et al. prevents a closer com-
parison with the particle types used in this work, although the
values for FTh/Pa are comparable to the clay and the control run
in this work.

Another experimental approach to the adsorption behaviour

Table 5. Overview of FTh/Pa vs. time fo

Site Time (h) Control run

Argentine Basin 2 6.67 � 1.02
6 6.20 � 0.96

14 4.65 � 0.62
23 5.95 � 0.82
45 8.39 � 1.10
68 14.49 � 2.23
90 6.20 � 0.86

Mean F 9.7
Range Fc 6–14

Off West Africa 2 2.47 � 0.31
6 3.14 � 0.40

14 3.10 � 0.39
28 7.76 � 1.07
46 4.05 � 0.53
70 3.11 � 0.43
94 3.99 � 0.56

118 3.60 � 0.48
Mean F 3.7
Range Fc 3–4

North Atlantic 2 1.72 � 0.35
6 4.62 � 1.01

15 3.40 � 0.56
29 6.08 � 1.12
47 13.06 � 1.87
71 6.75 � 0.92
95 6.18 � 0.92

119 3.90 � 0.54
Mean F 7.5
Range Fc 4–13
Mean F total 6.7
Range F totalc 3–14

a For the calculation of F, equilibrium values for both isotopes are re
in bold type. Only these values were included in the calculation of the
value given at the bottom of the table.

b Excluded as an outlier.
c Rounded.
of Pa and Th on different particles is reported by Guo et al.
(2002). This work also presents evidence for large differences
between different particle types. So far, most results are quan-
titatively comparable to our own approach, especially the re-
sults for MnO2, and -in part- carbonate. Contrasting results are
obtained for SiO2, where we found much higher adsorption of
thorium than they did, still exceeding that of Pa. However, the
experiments of Guo et al. differ largely from our setup in
several aspects. In particular, three main differences make a
direct comparison with our experiments difficult. First, particle
concentrations of Guo et al. (2002) were a factor of 200 higher,
presumably leading to very small dissolved fractions of the
added nuclides. Second, equilibrium conditions in Guo et al.
were assumed to be met after 2 h, whereas we consider here a
time span of several days. Third, Guo et al. performed the
experiments in artificial seawater, which will probably have
little effect when using high particle concentrations as they did,
but may be a major difference at low particle concentrations as
observed in natural marine systems. Some of their results point
to interesting aspects of Th/Pa scavenging behaviour that were
not examined here, such as strong adsorption on acid polysac-
charides. Further experiments will be needed to see in how far
the two approaches can be compared.

Earlier publications had already pointed to a particular role
of biogenic opal for enhanced Pa scavenging (Lao et al., 1992;

fferent particle types and water types.a

ite MnO2 CaCO3 Opal

1.02 2.28 � 0.30 3.28 � 0.60 3.70 � 0.50
1.02 2.26 � 0.36 3.40 � 0.54 4.80 � 0.67
0.83 lost 6.79 � 1.02 3.66 � 0.45
1.22 1.79 � 0.36 11.86 � 1.69 5.27 � 0.71
0.66 0.76 � 0.13 29.69 � 3.93 3.79 � 0.46
0.79 0.36 � 0.06 28.72 � 4.24 23.35 � 3.24b

0.73 0.48 � 0.09 23.59 � 3.46 29.25 � 3.92b

) 0.5 27.3 4.4
) 0.4–0.8 24–30 3.7–5.3
0.50 2.80 � 0.34 1.32 � 0.16 2.30 � 0.28
0.44 3.93 � 0.60 1.82 � 0.24 2.69 � 0.33
0.70 1.17 � 0.20 5.31 � 0.71 2.04 � 0.24
0.90 0.72 � 0.14 12.30 � 1.94 2.08 � 0.27
0.74 0.98 � 0.18 4.05 � 0.54 2.41 � 0.30
0.68 1.56 � 0.39 53.62 � 7.71 2.33 � 0.30
0.58 0.26 � 0.05 6.67 � 0.95 2.66 � 0.36
0.93 1.98 � 0.56 10.10 � 1.37 3.87 � 0.49

1.1 — 2.6
.0 0.3–2.0 7–54 2.0–3.9
0.42 2.54 � 0.32 1.17 � 0.20 2.99 � 0.40
0.71 1.59 � 0.26 1.07 � 0.19 1.66 � 0.21
0.43 1.80 � 0.38 5.81 � 0.99 1.97 � 0.25
0.78 0.68 � 0.12 8.32 � 1.55 2.94 � 0.39
0.58 1.16 � 0.27 44.92 � 7.33 2.02 � 0.25
0.78 1.92 � 0.42 3.46 � 0.47 2.35 � 0.29
0.63 0.48 � 0.11 5.39 � 0.80 0.88 � 0.11
0.65 1.66 � 0.35 5.57 � 0.79 2.24 � 0.29

1.2 4.8 2.0
.0 0.5–1.9 3–6 0.9–2.9

1.0 — 2.8
.0 0.3–2.0 3–54 0.9–5.3

This condition was assumed to be sufficiently met in the cases shown
values. The best estimate for general applications is the overall mean
r the di

Smect

7.14 �
7.65 �
6.40 �
9.04 �
5.55 �
6.26 �
5.55 �

(5.6
(5.6

4.16 �
3.68 �
5.99 �
7.22 �
5.84 �
5.46 �
4.49 �
6.99 �

5.7
4.5–7

3.17 �
5.55 �
3.43 �
6.05 �
4.29 �
5.90 �
4.87 �
4.98 �

4.9
4.9–5

5.4
4.5–7

quired.
mean
Walter et al., 1997). These findings, based on empirical rela-
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tionships observed in natural systems, are supported by our
own results, although they are less pronounced than expected.

Two recent publications report an inverse relationship be-
tween 231Pa/230Th ratios and 232Th activities (Luo and Ku,
1999; Narita et al., 2003). In both works, this relationship is
explained by a preferential uptake of 230Th by lithogenic par-
ticles, assuming 232Th concentration to be a direct measure of
the lithogenic fraction of particles. Although we also find a
strong adsorption of Th onto clay, other results of these studies
are only partially supported here. For example, the conclusion
that biogenic phases do serve to a minor extent as scavengers
for Th, and that high 231Pa/230Th ratios are determined by the
relative absence of clay can not be confirmed from our results.
We found substantial fractions of Pa on clay, and rapid Th
adsorption is observed when biogenic opal is present. However,
a comparison is difficult because strongly differing definitions
were applied in the two studies.

Hirose (1995) and Hirose and Tanoue (1994a,b) found evi-
dence for vertical variations within the water column in the
Thorium complexing capacity of marine particulate matter.
These findings point to possible variations in Th-adsorption
depending on the type of seawater used. Our results support the
idea of differing behaviour of Thorium in seawater from dif-
ferent locations, although we did not vary depth in our exper-
iments, but only the geographical provenance of seawater.

4.3. The Potential Influence of the Provenance of
Seawater

When planning the experiments, a potential influence of the
type of seawater used was expected. This expectation was
based on earlier observations on the large fraction of Th on
colloids (Baskaran et al., 1992; Guo et al., 1997), the strong
chemical bond of thorium onto some fractions of particles or
colloids (Hirose, 1995; Quigley et al., 2001, 2002), and the
known interaction between colloidal and particulate fractions.
Indeed, a fraction of Th typically classified as dissolved must
be expected to be adsorbed onto colloids (Tsunogai et al.,
1994). Therefore, an adsorption of “dissolved” thorium onto
particles in our experiments may also reflect the adsorption of
colloids onto particles.

A first indicator for the connection of Th to the colloidal
phase is the small fraction of Th adsorbed onto the container
walls as evidenced by our good recoveries. These findings
support the results of Baskaran et al. (1992), who found that the
presence of colloids reduces losses to the container walls.

Because surface waters are known to be variable in their
colloidal composition (e.g., Benner, 2002), an effect of differ-
ent water types was to be expected. Pronounced differences
between water types were found in the carbonate runs, the opal
runs, and the control runs. We conclude that the Kd-values and
the fractionation factor of thorium and protactinium should not
only be considered to be a function of particle type, but also of
the seawater used.

In deeper waters, less influence of the water types would be
expected because the dissolved organic carbon (DOC) content
of deep waters is less variable than in surface waters. However,
a potential influence of the composition of seawater itself may
be expected for ocean margins compared to open ocean sys-

tems, and shallow waters compared to deep waters, or in
regions with recently downwelled surface water coming into
contact with sediments (like e.g., the Weddell Sea Bottom
Water [WSBW]).

4.4. Implications for Paleoenvironmental Applications

Our results do not allow the identification of one distinct
particle type acting as a main carrier phase for thorium. An
exception would be MnO2, if present. All investigated particle
types showed a considerable affinity for thorium. Smectite as a
representative of clay would adsorb a large fraction of thorium.
Considering the large surface of clay particles, this effect is not
surprising. Opal also adsorbed a considerable fraction of tho-
rium. Remarkable here was the very quick response of the
equilibrium to the presence of opal. The new equilibrium was
established much faster than for smectite. For carbonate, all
kinds of responses were found, ranging from low to very high
particulate activities. Some very high particulate activities here
also point to a potential role of carbonate as a carrier phase for
Th. To a certain extent, we consider the control run to give
information on organic carbon, because the particles observed
were most likely of organic composition. If these results reflect
the behaviour of organic carbon with respect to thorium, this
phase must be considered to be a very strong scavenger. Ne-
glecting MnO2, the observed Kd-values for thorium were all
within one order of magnitude. The Kd of Th on clay differs
from the Kd on opal by a factor of 6.

The normalization of sediment accumulation rates to thorium
fluxes or the normalization of individual sediment components
by means of thorium rely to a certain extent on the homoge-
neous distribution of thorium between different particle types.
This correction by normalizing often provides a possibility to
correct for the strong effects of sediment redistribution. Our
findings suggest that no phase is the exclusive carrier of tho-
rium in the sediment. Comparing the possible bias introduced
by inhomogenous distribution of thorium in the sediment to the
improvement of information from the marine sedimentary
record obtained by Th normalization, we conclude that Th
normalization is an excellent tool to give improved estimates of
true oceanic fluxes.

Concerning the known constraints on the use of the sedi-
mentary 231Pa/230Th ratio as a proxy for particle fluxes, the
results presented here do not offer a solution. The question to
which extent varying Pa/Th ratios in the sediment may be due
to particle composition can only be addressed tentatively from
our results. Indeed, FTh/Pa was found to be lower for opal than
for clay, just as proposed earlier (Lao et al., 1992; Walter et al.,
1997), and recently shown by Chase et al. (2002). However,
compared to the expected FTh/Pa of unity on opal, and of about
10 on clay (Walter et al., 1999; Chase et al., 2002), the
difference between clay and opal found here is only a factor of
two (FTh/Pa � 2.8 for opal vs. 5.4 for smectite). Considering the
constraints of the experimental approach (opal leached by acid
and hydrogen peroxide; use of surface water; smectite as a
representative for clay), our results may be seen as confirming
the trend indicated by measurements on natural particles
(Chase et al., 2002).

A variable that has been newly introduced here is the prov-
enance and composition of seawater. Some results suggest that

Th/Pa fractionation may not only be a function of the particle
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type, but also of the water in which the adsorption occurs. It
remains to be tested in the future whether this observation holds
for deeper waters, too.

5. CONCLUSIONS

The experimental approach with natural, recently sampled
seawater offers a new key to the understanding of the adsorp-
tion of thorium and protactinium onto natural particles. This
approach provides the advantage of good recoveries even for a
strongly particle reactive element like thorium. This type of
experiment more closely mimics natural conditions by includ-
ing colloids which are known to play a crucial role in thorium
cycling.

The difficulties encountered (mainly the formation of parti-
cles in the control runs) may not only be seen as difficulties, but
also as a challenge for future investigations. The process of
particle formation from the dissolved phase certainly occurs
naturally (see Chin et al., 1998), although to a lesser extent, and
has to be taken into account when investigating particle cycling
at the sea surface.

All particle types investigated displayed their own charac-
teristic adsorption kinetics, pointing to different mechanisms of
adsorption. Whereas adsorption onto biogenic opal took place
immediately and changed very little later on, adsorption onto
clay was slower, but finally larger. Similarities in the temporal
evolution of Th adsorption onto clay and in the control run may
point to a common underlying mechanism in both cases. Fur-
ther experiments especially designed to solve this question are
needed to confirm and explain this similarity.

Now addressing the first of our three questions from the
beginning of this work, our results suggest that in the sediment,
no individual phase investigated here would serve as a main
carrier of thorium (except MnO2, if present), but that more
thorium will be found in the smaller grain sizes. However, we
observed here that opal also adsorbed considerable amounts of
thorium in spite of its much larger grain size compared to clay.
This is an encouraging finding concerning the use of 230Th as
a constant flux proxy.

Concerning the influence of particle composition on the
231Pa/230Th ratio, our results confirm the trend of earlier ob-
servations that opal fractionates Pa and Th less than clay. They
also suggest that an influence of particle composition would
have to be expected in the sediment.

The differences found between the three runs with different
water types must be ascribed to variations in the composition of
the dissolved phase, because the other conditions were kept
constant. This implies that when thorium is used to investigate
particle cycling near the sea surface, attention should be paid to
the dissolved phase. In surface waters, variations in the dis-
solved phase may be controlling the adsorption of thorium onto
particles, together with variations in particle composition.
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