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[1] Controlled laboratory experiments were carried out
using pure sorbents to examine the interactions of 234Th (or
233Pa) with particle surfaces and whether there is a
fractionation between 234Th and 233Pa by particulate
chemical composition. Our results show that the adsorption
of 233Pa and 234Th on particle surfaces is highly selective
and compound specific, resulting in a fractionation of
233Pa/234Th ratio, especially on SiO2 (Kd ratio, Kd-233Pa/Kd-

234Th, = 10) and CaCO3 (Kd ratio, Kd-233Pa/Kd-234Th, = 0.01)
surfaces. These new results agree well with previously
published field observations that showed an increase of
231Pa/230Th ratio (or Kd of 231Pa) with increasing opal
abundance and decreasing carbonate content in oceanic
particles. In addition, they highlight the complications of
using 231Pa/230Th ratio as a proxy and have implications for
both oceanography and trace element geochemistry
although more studies are needed to further examine the
influence of natural organic matter on the fractionation of
Th/Pa ratios. INDEX TERMS: 4875 Oceanography: Biological

and Chemical: Trace elements; 4825 Oceanography: Biological

and Chemical: Geochemistry; 4866 Oceanography: Biological and

Chemical: Sorptive scavenging; 4860 Oceanography: Biological
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1. Introduction

[2] The 231Pa/230Th ratio has been used as a proxy in
ocean circulation [Scholten et al., 1995; Yu et al., 1996;
Marchal et al., 2000; Moran et al., 2001], paleoproductivity
[Lao et al., 1992; Francois et al., 1993; Kumar et al., 1993,
1995] and ocean scavenging [Anderson et al., 1983; Nozaki
and Nakanishi, 1985]. However, the molecular mechanisms
of these applications are not well understood. It has been
found that 231Pa/230Th ratios in oceanic particles and sedi-
ments are not constant and can deviate significantly from
their productive ratio in the water column [Yu et al., 1996;
Walter et al., 1997, 1999, 2001]. Fractionation between
231Pa and 230Th within the ocean basin constitutes the
foundation of using these isotopes as tracers in the ocean
circulation [Yu et al., 1996] and boundary scavenging
[Bacon et al., 1988; Anderson et al., 1994]. In addition,

an observed correlation between 231Pa/230Th ratio and
particulate matter flux has led to recent applications of
231Pa/230Th ratio as a paleoproductivity proxy in the ocean
[e.g., Lao et al., 1992; Francois et al., 1993; Kumar et al.,
1993, 1995]. Nevertheless, this application assumes a con-
stant fractionation on 231Pa/230Th regardless of types of
particles or chemical composition, which is not supported
by many field studies [Anderson et al., 1983; Rutgers van
der Loeff and Berger, 1993; Kumar et al., 1995; Luo and
Ku, 1999].
[3] It is generally assumed that adsorption of Th (IV) and

Pa (IV, V) on marine particle surfaces is a non-selective
physicochemical process [e.g., Quigley et al., 1996], and
chemical composition of marine particles, such as silica,
does not fractionate 231Pa and 230Th [Anderson et al., 1992;
Walter et al., 1999]. However, many field observations
suggest either a preferential scavenging of 231Pa by bio-
genic opal [DeMaster, 1979; Taguchi et al., 1989; Walter et
al., 1999, 2001] or a chemical composition influence on
231Pa/230Th ratio [Walter et al., 1997; Luo and Ku, 1999;
Walter et al., 2001; Chase et al., 2001]. In addition, recent
field and laboratory studies both point to a selective and
compound specific interaction of 234Th with marine organic
matter [Guo et al., 2002; Quigley et al., 2002]. Unfortu-
nately, interactions of Pa with marine particles have not
been systematically investigated [Nyffeler et al., 1984;
Anderson et al., 1992]. Applications of 231Pa/230Th ratios
and the interpretation of field data require not only field
investigations but also controlled laboratory experiments to
examine possible mechanisms. Whether Pa is fractionated
with respect to Th during binding with different marine
particles is largely unknown, but is relevant to the use of
Pa/Th ratio as a proxy in oceanography.

2. Methods

[4] 233Pa (t1/2 = 27 d) and 234Th (t1/2 = 24 d) were used in
the controlled laboratory experiments to examine the frac-
tionation of 233Pa/234Th ratios on different types of inor-
ganic and organic sorbents (Table 1). 233Pa was separated
from its parent nuclide 237Np (t1/2 = 2.14 � 106 y) (Isotope
Products, CA) according to procedures described in Luo
[1988] and Zheng et al. [1990]. Activity concentrations of
233Pa were determined by a HP-Ge well detector (Canberra
Industries) at 300 KeV (6.62%) and 312 KeV (38.6%).
234Th was milked from its mother nuclide 238U (t1/2 =
4.47x109 y) (Sigma Chemical) using the procedures
described in Quigley et al. [2001] and measured by a HP-
Ge well detector at 63 KeV. Types of sorbents used in
adsorption experiments and other detailed information are
listed in Table 1. Sorbents used included various inorganic
particles, such as SiO2, CaCO3, MnO2, and Fe2O3, and
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different organic substances, such as humic acids, chitin,
and carrageenan type V (acid polysaccharides). No chem-
ical pretreatment was used for sorbents before Th (IV) and
Pa (IV, V) sorption experiments. Predetermined amounts of
organic or inorganic sorbents were added to artificial sea-
water [Horne, 1969] in Teflon beakers with a final total
solid concentration of about 0.1 mg/ml. Then, a spike of
233Pa or 234Th radiotracer was added to adsorption systems.
After equilibrium (2 h) aliquots of the suspensions were
filtered or ultrafiltered to separate particulate (0.4 mm filter-
retained) or colloidal (1 kDa filter-retained) from dissolved
(filtrate, <0.4 mm or ultrafiltrate, <1 kDa) phases. Activity
concentrations of 233Pa or 234Th were measured in the
filter-retained particles and filtrate. Aliquots of total sus-
pension solutions were also measured for 233Pa or 234Th to
monitor the mass balance of both radiotracers. All adsorp-
tion experiments were carried out in triplicate or duplicate.
[5] Total recovery of radiotracers from both filter-

retained and filtrate fractions compared with that in suspen-
sion solution gave rise to a satisfactory mass balance for
both 233Pa and 234Th (Table 1). Mass balance data ranged
from 96% to 111% for 233Pa while they varied from 80% to
111% for 234Th depending on sorbents. These mass balance
results are mostly within ±10%. Lower recovery was
measured in the adsorption experiment of 234Th on humic
substances, likely due to the loss of humic substances to the
walls.
[6] The concentration of filterable suspended particles

was determined by weigh difference on dried filter samples
for the calculation of partition coefficients of 233Pa and
234Th. However, the mass concentration of carrageenan was
based on the added powder weight.

3. Results and Discussion

[7] Values of partitioning coefficient, Kd, of
233Pa and

234Th between dissolved and particulate (or colloidal)
phases, were distinctly different on various particulate
phases. For example, measured Kd values for both 233Pa
and 234Th span 3 to 4 orders of magnitude, varying from
103.7 to 107.5 for 233Pa and from 103.5 to 107.8 for 234Th on
different particle surfaces (Table 1 and Figure 1). Most
importantly, while most sorbents had similar Kd values for
both 234Th and 233Pa, SiO2 and CaCO3, on the other hand,
demonstrated significant fractionation between 234Th and
233Pa (Figure 1). Measured Kd value for

234Th on SiO2 was
103.98 but was 105.09 for 233Pa, resulting in a fractionation
factor (or Kd ratio of 233Pa over 234Th) of �13 (Figure 1).
In contrast to SiO2, the opposite is true for CaCO3. A

significant higher Kd value was observed for 234Th (105.6),
but lower Kd value for 233Pa (103.7) on CaCO3, with a
fractionation factor of �0.012 (Kd ratio of 233Pa over
234Th). These results indicate that particle types and thus
chemical composition of particles could cause significant
fractionation between 233Pa and 234Th. While SiO2 has a
high affinity for 233Pa, the affinity of CaCO3 for 233Pa is
low. In other words, SiO2 particles preferentially sorb or
scavenge 233Pa whereas CaCO3 selectively interacts with
234Th. These are direct evidence that fractionation between
233Pa and 234Th could be controlled by the abundance of
SiO2 and CaCO3 of oceanic particles, even though sorbents
used in our experiments may not be representative of natural
marine particles and marine organic matter may affect the
fractionation of Pa/Th ratios.
[8] Interestingly, not all the experimental organic compo-

nents used appear to have equal adsorption effect. They seem
to have distinctively different affinity for these two radio-
nuclides, Th (IV) and Pa (IV, V). Carrageenan (type V), a
mixture of sulfated acid polysaccharides (APS) extracted
from seaweed, had the highest Kd values for both

233Pa and
234Th (up to 107.49 and 107.78, respectively) within all
sorbents tested. However, chitin, a cellulose-like biopoly-
meric organic compound, had very low Kd values for both
233Pa and 234Th (103.69 and 103.50, respectively). Difference
in Kd values of

233Pa and 234Th was 3–4 orders of magni-
tude between the two different organic sorbents (chitin vs.
acid polysaccharides). The enhancement of Th and Pa
adsorption on carrageenan (APS) surfaces likely resulted
from the presence of strong acidic functional group [Quigley
et al., 2002; Santschi et al., 2002]. In addition, oxidation
state differences between Th (IV) and Pa (IV, V) may cause
fractionation between Th and Pa isotopes as well. However,
our results showing fractionation for both 233Pa and 234Th
are consistent with recent studies that demonstrate that acid
polysaccharides are the effective organic component in the
scavenging of Th (IV) isotopes [e.g., Guo et al., 2002;
Quigley et al., 2002].
[9] Even though chemical composition affects the

adsorption of 233Pa and 234Th on particle surfaces, it will
not fractionate the ratio of 231Pa/230Th without fractionation
between 231Pa and 230Th. While most inorganic (MnO2 and
Fe2O3) and organic (chitin and carrageenan) sorbents dis-
criminated little between 233Pa and 234Th, the fractionation
of 233Pa and 234Th caused by SiO2 and CaCO3 was
significant, resulting in distinctly different Kd values
between 233Pa and 234Th. Since SiO2 and CaCO3, which
cause fractionation of 233Pa/234Th ratio, are two of the most
abundant biogenic solid components, opal and carbonate, in

Table 1. Types of Sorbents, Mass Balance (%) and Values of Partition Coefficient (Kd or Kc) of
234Th and 233Pa

Type of Sorbents (CAS #) Description 234Th 233Pa

Mass Balance (%) logKd Mass Balance (%) logKd

MnO2 (1313139) <5 mm powder 106 ± 16 6.14 ± 0.31 108 ± 7 6.20 ± 0.41
Fe2O3 (1309371) <5 mm powder 94 ± 6 5.83 ± 0.02 97 ± 6 5.15 ± 0.12
CaCO3 (471341) powder 99 ± 6 5.60 ± 0.02 101 ± 2 3.68 ± 0.23

Humic acid (68131044) Sodium-salt 80 ± 20 5.58 ± 0.01 104 ± 2 4.31 ± 0.21
Chitin (1398614) Coarse flakes, 99% acetylated 108 ± 14 3.50 ± 0.73 96 ± 5 3.69 ± 0.67
SiO2 (14808607) 1–5 mm, Amorphous 108 ± 4 3.98 ± 0.03 108 ± 7 5.09 ± 0.72

Carrageenan Type V (9062071) Acid polysaccharides 111 ± 6 7.78 ± 0.12 111 ± 7 7.49 ± 0.17

No chemical pretreatment was used for sorbents before sorption experiments. Data (±) are those from replicate or duplicate results.

22 - 2 GUO ET AL.: CONTROL OF PA/TH RATIO BY PARTICULATE CHEMICAL COMPOSITION IN THE OCEAN



the ocean, especially in the Southern Ocean [DeMaster,
1979], ratios of 231Pa/230Th could vary with the abundance
of opal and calcium carbonate in oceanic particles [Walter et
al., 1999; Chase et al., 2001]. Due to the complex nature of

marine particles and possible organic and inorganic coat-
ings, the effect of marine organic matter on Th and Pa
adsorption need to be further studied.
[10] Based on Kd data of

231Pa and 230Th from field stu-
dies, 231Pa was found to have higher Kd values than

230Th
when extrapolated to a 100% of opal content in oceanic
particles [Chase et al., 2001]. However, Kd value of 231Pa
was significantly lower than that of 230Th if particles are
composed of 100% of carbonate. Our conclusions that SiO2

preferentially sorbs 233Pa while CaCO3 preferentially sorbs
234Th, are therefore consistent with those field results [Chase
et al., 2001]. Furthermore, the interpretation of many field
observations [Walter et al., 1997, 2001] on 231Pa/230Th ratio
in oceanic particles requires that SiO2 (opal) fractionates on
231Pa and 230Th. Indeed, using available literature data for
both 231Pa/230Th ratio and opal content of oceanic particles
[Walter et al., 1999], a significant correlation (n = 9, p < 0.05)
between excess 231Pa/230Th ratio and opal abundance can be
revealed. This correlation further supports our laboratory
results depicted in Figure 1. Thus, our results showing a
fractionation of 233Pa/234Th ratio by SiO2 and CaCO3 not
only challenge the use of 231Pa/230Th ratio as a proxy in
paleoproductivity but also have significant implications for
both oceanography and geochemistry.
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