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ABSTRACT
•

The recent development of neutron activation analysis and mass
spectrometric methods for the determination of ~izTh ir. seawater has made
possible rapid sampling and analysis of this long-lived, non-radiogenic
thorium isotope on snail-volume samples. The marine geochemical utility of
•"•̂ Th, whose concentration in seawater is extremely low, warrants the
development of these sensitive techniques. The analytical methods and some
results are presented and discussed in this article.

INTRODUCTION

Applications of thorium isotopes to various studies in marine
geochemistry and geochronology have long received wide attention. For
instance, ~-uTh (half—life = 75,200 yrs) has been extensively used to
determine accumulation rates of deep-sea sediments and ferromanganese oxide
concretions (1-2, and references therein). Deficiencies of 231*Th (half-
life = 24 days) and 228Th (half-life =1.9 yrs) relative to their soluble
parents (̂ 35U and 228Ra, respectively) have been applied to index the
removal rates of particles and reactive elements in surface ocean and
coastal waters (3-8). Excess 226Th (over 228Ra) and excess 23i+Th (over
z39U) have been used to evaluate accumulation rates and mixing rates of
near-shore sediments (9-11). More recently, the distributions of these
isotopes in water columns and between dissolved and particulate forms have
been investigated (12-18), leading to important understandings of the rate
and mechanism of deep-sea scavenging, a process that is believed to be KJ { r
important in regulating the oceanic concentrations and distributions of aiVtfl11k tt'&\
large variety of trace metals and anthropogenic pollutants.

The utilities of the aforementioned thorium isotopes (23i*Th, 23cTh,
and 2 Th) are dictated by the fact that they are reactive daughter prod-
ucts of non-reactive progenitors (23eU, 23**U, and 2 2 8Ra). Therefore, once
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produced, these daughter products can be effectively removed from seawater
to cause radioactive disequilibrium within these parent-daughter pairs.
The extent of disequilibrium can be taken as a measure of the genera] scav-
enging rate. Another important advantage of utilizing these parent-
daughter pairs is that the production rates of these radiogenic Th isoLopes,
which depend on the concentration and distribution of their parents, an
either nearly constant everywhere (viz., for 23lfTh and ':3C'Th) or determined
by circulation and mixing of water masses (viz., for "^Th). Further
benefits can be gained in certain applications if more than one Th isotopes
are measured, which often leads to a better constraint of the time scales
or rate constant? concerned.

However, when using radiogenic Th isotopes as proxies to study the
general scavenging of trace metals, it is circumstantial to make meaningful
direct comparisons between them, because their pathways of input to the
oceans are very different. In order to provide a link, one would like to
be able to determine the water-column distribution of the nonradiogenic
isotope 2o2Th, which, like most of the trace metals, is delivered to the
ocean by the normal fluvial and aeolian routes.

Up until now, the measurement of Th in seawater has long been
hampered by its exceedingly low concentration. Conventionally, Th con-
centration in seawater is determined by a-spectrometry, which requires
large volumes (ri-10o£) of samples, but also often results in very high and
uncertain blanks. To circumvent these shortcomings, two sensitive methods
have been developed in the past three years. Huh and Bacon developed a
neutron activation analysis (NAA) technique, which enables one to measure
z32Th in 10—& samples (19). Chen and co-workers developed a mass spectro-
metric method, which is even more sensitive; not only 2 Th, but also ^"Th
can be measured on sub-liter samples using this method (20-21). Ihe
purpose of this paper is to briefly introduce these two new analytical
tools, presenting some results obtained thereby for discussion, and pros-
pecting future studies along this line of research.

METHODOLOGY

Neutron Activation Analysis

Principle
232Th, with a half-life of 14 billion years, can be literally regarded

as a "stable" nuclide. It is awkward to detect such an element via its
natural decay, especially when its concentration is low in the sample of
interest, as in seawater. Upon irradiation with thermal neutrons, 232Th
can be transformed into short-lived daughter products via the reaction:

232Th (n, y) 233Th I 233Pa

The induced activities of the daughter products can be easily managed to
reach over five (for 233Pa) to seven (for 233Th) orders of magnitude higher
than the target 232Th activity. Accurate and precise determination of
232Th can then be attained via its daughter products.

In principle, 232Th content in the target sample can be indexed by
either 233Th (half-life = 22.2 min) or 233Pa (half-life = 27 days).
Although the induced activity of 233Th is normally two orders higher than
that of 233Pa, 233Pa assay is more desirable due to its longer half-life
and hence greater convenience in working time. The generated activity of



--'3Pa in the course of irradiation car; be describee ny ttie equation:

<•. A'-, = OCTJNJ [ :— exp (- >^t) + ( — ) c>:v (- • 3 I ) + — ]

wnerc1 K indicates the number of atoms; is tin1 dt'er constant; c it; tin
thermal neutron flux; c is the thermal neutron capture cross section; t is
the duration of irradiation; and the subscripts 1, J., and 3 represent
' •'" Th, 2:ioTh, and 23j>Pa, respectively. In practice, however, ""'Tfi stand-
ards were prepared and irradiated in parrallel î'ith samples, and the re-
sults were used to establisii a calibration curve to eliminate the necessity
of absolute determination and calibration of various parameters (e,^,., flux
density, slow neutron capture cross section, counting efficiency, delay in
counting, etc.).

Chemical procedures
2 3 3Pa is to be identified by its 312 KeV Y-radiation. If a seawater

sample is not radiochemically processed, the induced activity of interfer-
ing nuclides, emitting Y-radiations in the energy window of 300-320 KeV,
will likely be over five orders of magnitude higher than that of 2 3 3Pa.
Consequently, the Pa signal could be completely swamped. Therefore,
radiochemistry is absolutely necessary. In this sense, this method should
be referred to as "radiochemical neutron activation analysis", as opposed
to "instrumental neutron activation analysis".

Our method involves both preirradiation and postirradiation radio-
chemical separations. Th isotopes were separated from the samples and
purified during the preirradiation chemistry. Th or Th were added as
the yield determinant. Sea salts and virtually the entire periodic table
of elements were quantitatively removed during the preirradiation procedure
by coprecipitation, ion exchange, and solvent extraction. The purified Th
source were prepared by mounting TTA/benzene onto high-purity (Puratronic,
99.9995% purity) Al foils for a-spectrometry to determine the recovery.
After that, they were packed in polyethylene vials for irradiation.

After irradiation and subsequent cooling off, the samples were
subjected to postirradiation chemistry, which entails separation and puri-
fication of Fa by ion-exchange and solvent extraction. ^3lPa was added as
the yield determinant. The final sources were plated on stainless steel
planchets and counted.

The preirradiation chemistry has to be executed with great care. All
labware were acid-washed and the reagents were of the purest grade. Still,
the blanks and potential contamination procedures had to be controlled
carefully. After irradiation, 2 3 3Pa became the nuclide of interest, which
was not prone to contamination, and thus the chemistry can be performed in
a regular manner using reagent-grade chemicals.

A complete description of the neutron activation analysis method has
been given in Huh and Bacon (19). Interested readers are referred to that
paper for more details.

Mass Spectrometric Analysis

Our procedure for the mass spectrometric analysis were basically
similar to that for NAA, with some minor modifications. Briefly, the
sample solution was made to 8N in HNO3 (ULTREX grade) and passed through an
anion column (AGlx8, 100-200 mesh). After adequate elution with fresh 8N
HNO3, Th was eluted off the column with 12N HC1 (ULTREX grade) and then



evaporated to dryness. The above procedure was repealed two more times,
v.-irh the third time performed using a micro-coiumi (- rare i.d., i cm ien<:thj
Tii was finally eluted off tiie micro-column with ^2Q(i „] of 12:: HC1, dripped
directly onto a teflon pad (3/4 inch dia.), and evaporated to arvness. un>.
drop (.50 i:l) of 8K UNO-, was added to the teflon pad to diuaolvt. tiu filial
refinate, which was then evaporated to r"l ul in the pi-esence of a sinfUt-
l.bu->jl anion exchange resin bead. Tiie bead was subsequently recovered
uf.ing a rhenium wire, loaded onto a rhenium filament and placed into tht-
mass spectrometer. Following carbonization of tiie resin beac a: low
temperatures, thorium was volatilized at high temperatures with the differ-
ent isotopes being counted in their respective mass regions of tiie spec-
trum.

REVIEW OF RESULTS

As mentioned earlier, to measure the thorium isotope composition of
seawiter by the conventional ot-particle counting technique, a very large
sample must be processed with minimal blank contribution. Recent work (
e.g., 12-14, 22) has used MnC^-coated media to concentrate Th isotopes from
seawater to yield activities equivalent to those in volumes of the order of
103 liters. In addition to the sampling of large volumes, blank correc-
tions have been taken more seriously. Frequently, it has been found that,
compared with "sample" Th activities, blank levels are high and variable
(for example, 0.026-0.073 dpm per sample reported by Knauss and co-workers
[7]). In many samples virtually no "^Th could be detected above even the
low end of blank levels. Those results seen to be above blank levels are
often associated with fairly high uncertainties. 2\evertheless, it has beer,
more or less agreed that the ^^Th content of surface ocean vrater is
s2xlO~° dpm/1 as set by Kaufman (23). Moore has concluded that the z3^Th
content of both surface and deep waters in the Pacific Ocean may be
(l-2)>:10~;> dpm/1 but has yet to be measured unequivocally (22).

Besides knowing the actual content of 232Th in seawater, another
equally important question is: What is its distribution between dissolved
and particulate forms? Figure 1 summarizes previous data determined by
ci-spectrometry: it shows that near-shore waters usually had much higher,
but variable, 232Th content than open-ocean waters. In view of the general
observation that the concentration of suspended particulate matter in-
creases when the land is approached, I tend to suspect that the reported
232Th contents could merely reflect the particulate concentration of the
sampled waters. It has to be noted that the data presented in Fig. 1 were
obtained using a variety of sampling techniques. The large fluctuation in
the 2o2Th concentration near the continents might be the result of differ-
ent degree of removal of particulates. An ability to determine 232Th in
small volumes of seawater would allow the use of fine membrane filters to
separate the particulate material more cleanly and could make feasible
other experiments, such as observation of the dialysis behavior of Th in
seawater.

Our laboratory at OSU has been engaged in the determination of Th
concentration in seawater by both the NAA and the MS methods since 1984.
The Caltech group under Drs. Wasserburg and Chen has also been undertaking
the MS analysis of Th in seawater in recent years. To date, there are
only two profiles published in the literature by these two groups. One is
the profile of dissolved 232Th in the Eastern Caribbean Sea, measured by
Huh and Bacon using the NAA method (19); the other is that of total 232Th
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Figure 1. Reported seawater 23-Th concentration measured by
alpha-spectrometry

in the open Atlantic Ocean reported by Chen and co-workers based on the MS
method (20). The Caribbean Sea profile (Figure 2) showed relatively high
concentrations in the upper 200 m with a maximum of 8.7x10 dpin/1 near_the
base of the nixed layer. Average concentrations in deep water (2.7x10 °
dpm/1) were uniform and atypically low, perhaps because of unusually rapid
scavenging in the restricted basin. The profile in the open Atlantic Ocean
did not show any systematic trends, with an average concentration of
2.9xl0~- dpm/1. In addition to the above, there have been some discrete
data points published. Greenberg and Kingston (24) developed a multi-
element neutron activation analysis method and measured Th, along with
fourteen other metals, in seawater samples from the Chesapeake Bay. The
2-2Th concentration they measured (4xlO~5 dpm/1) was the lowest ever
reported for coastal waters. The Caltech group reported, for the first

TO",232Th content in hydrothermal fluids from the East Pacific Rise attime,
21 N and Guaymas Basin (21). Based on the concentrations they measured
(2.4xlO~5 to 1.0xl0~3 dpm/1), the authors concluded that hydrothermal input
contributes little to the oceanic Th flux.

Using the MS method, our laboratory has obtained profiles of 230Th and
2 Th, in both dissolved and particulate forms, in the water column of
Santa Monica Basin. A surface enrichment was observed for both dissolved
230Th and dissolved 232Th, strongly suggesting a terrestrial source for
both long-lived Th isotopes. The concentration of dissolved 232Th de-
reased by a factor of M from the surface (5.1xl0~5 dpm/1) to 5 m off the
bottom (1.4xlO~5 dpm/1). The concentration levels, averaging 2.8x10 S

dpm/1, were comparable to most published data; but I tend to consider that
the dissolved Th concentration in the SM basin, which is only "̂ 30 km
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Figure 3. Profiles of dissolved 230Th and 232Th
in the Santa Monica Basin



offshore, could very well be much higher than in open ocean waters. Tnif.
conjecture, however, will have to be tested by i uture- work.

In conclusion, the late technical advancement, outlined above, hat;
made possible rapid sampling and analysis of sampler v.-ith reduced potential
contamination problems. Oceanoprapliically-concistent Th acz.^ arc
starting to emerge. We are currently planning to measure tiie distribution
of - """Th (a^ well as •tCluTh) in both major oceans, at different distance
aw;;y from the continents, and across redox boundaries. By comparing the
oceanic distribution of Th with those of other biogeochemicaliy-activc and
inactive chemical species, we intend to gain a first order appreciation oi
the biogeochemical behavior of *—̂ Tli in the ocean.
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