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Abstract

A time efficient method has been developed for the determination of the natural decay series
radionuclides, 2*°Pb, ?°Bi and 2*°Po in dissolved and particle associated phases of the marine
water column. The disequilibria between parent-daughter pairs of natural decay series
radionuclides can provide information on the rates of particle scavenging in the marine
environment. The rates of removal of particle reactive radionuclides can be used, by
analogy, to determine the rates of removal of particle reactive pollutants in the marine

environment.

The method utilises state of the art liquid scintillation spectrometry to directly determine
219pp. Traditional methods rely on the ingrowth of *°Bi (t ,, 5.013 days) or *°Po (t ,, =
138.378 d) to determine Pb indirectly. The direct determination of '°Pb allows the whole
procedure to be carried out in under 10 days, a significant time saving on the traditional

methods.

Various techniques for the pre-concentration and purification were investigated during this
research. Much of the difficulty in the method development was as a result of trying to
obtain a suitable matrix for liquid scintillation spectrometry. The pre-concentration stage
was carried out using Fe(OH), to scavenge the dissolved metals from solution but the
variation in recoveries required yield tracers to be applied. *?Pb (t ,, = 10.6 hours) was
utilised as a tracer for >°Pb and *"Bi was used as a tracer for *°Bi. Liquid scintillation

1ii



spectrometry was used to determine 2'°Pb and *'%Bi activities. However the requirement of
Y ry q

2%po as a tracer for 2'’Po meant that *'°Po determination had to be carried out using o
spectrometry as liquid scintillation spectrometry could not resolve the a peaks of ***Po and

2%y to a sufficient degree.

With these problems overcome, the method was applied to a study of nearshore scavenging
processes in the Irish Sea. The results obtained from this study were similar to other
reported values of 2°Pb and *°Po in the nearshore environment. Modelling of the data using
a steady-state box model which accounted for atmospheric '°Po inputs allowed dissolved

residence times to be determined.

The method has the potential for future development to allow #*Th and 2*U to be
determined in the same sample which would allow rates of processes occurring on a range
of timescales to be measured. However, the sample size should be increased for future
applications to allow greater sensitivity due to the very low activities of *°Pb, 2°Bi and *°Po

present in the nearshore marine environment.

v
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Chapter One: Introduction

This research was concerned with the development of a novel and time efficient method for
the determination of '°Pb, *°Bi and *'°Po in the marine system by way of state of the art
liquid scintillation spectrometry. In this section, the concept of natural decay series
geochemistry and disequilibrium will be discussed. After a briefexplanation of the processes
of radioactive decay, the remainder of the introduction will discuss the principles of liquid

scintillation spectrometry.

1.1  Natural Decay Series radionuclides

The largest ionizing radiation dose to the human population is not from nuclear power
generation but instead from natural radionuclides, which have both cosmogenic and
primordial sources (BEIR, 1990). They have been present on this planet since its creation
but their existence was unknown until the late 19th century. The first detection of
radioactivity was in 1896 when Henri Bequerel discovered that potassium uranyl salts would
cause a darkening of photographic plates without their exposure to light (Senior, 1998).
Marie and Pierre Curie furthered the work of Bequerel using pitchblende and found more
intense radiation from another, yet unknown source. Exhaustive chemical separations
isolated the new active substance in the bismuth fraction, which was named polonium in
honour of Marie Curie’s homeland (Vladimirova, 1998). Further work led to the discovery
of radium by the Curies. Meanwhile, the field of radiochemistry was expanding and in 1908
Rutherford and Soddy characterized the three forms of radiation (alpha, beta and gamma).
By now, the initial discovery by Bequerel was changing the world of chemistry forever and

1



its effect on mankind was permanent.

There are three categories of naturally occurring radionuclides: (i) primordial nuclides which
have been present since the formation of the Earth; (ii) the daughters of these primordial
nuclides; and (iii) cosmogenic nuclides such as *C, *H and "Be, which are formed by
reactions in the atmosphere and the earth surface, induced by bombardment from cosmic
rays from space. Natural Decay Series (NDS) radionuclides include both primordial nuclides
and their progeny and belong to one of the three NDS that begin with 2*U (4n + 2 series),
35U (4n + 3 series) or 2?Th (4n + 0 series). The end members of all three NDS is a stable
Pb isotope, with 2*Pb, 2’Pb and **Pb being the end members for the 2*U, #°U and ***Th
chains, respectively (Fig. 1.1). Another series that was once present on the Earth is the
BNp (neptunium series). However, the half life of 2"Np is relatively short (2.14 x 10°y)
(Lederer and Shirley, 1978) compared to the age of the Earth, and it has decayed away

completely (although members of its chain can be produced artificially).

U is primarily found in pitchblende (U,0y), a black uranium oxide found in hydrothermal
veins or as carnotite (K(UO,),(VO0,),.3H,0), a complex hydrated oxide found as
encrustations in sedimentary rocks (Plummer and McGeary, 1991). U can also be found in
association with organic phosphorite deposits of marine origin. The principal economic
sources of U are pitchblende and uraninite (UO,). The most important economic source of
thorium is monazite (ThQ,), as it frequently occurs as a placer deposit in detrital sands and

is therefore easier and cheaper to extract (Jensen and Bateman, 1979).
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The ratio of Th:U in igneous rocks is generally 3.5 to 1, and this ratio holds for many
igneous rock types due to the lack of fractionation during magmatic processes (Gascoyne,
1992). However, the differences in physio-chemical properties between NDS nuclides
results in major differences in their behaviour in the environment, including their
mobilisation, transport, deposition and burial. This may create fractionation or
disequilibrium between the parent-daughter pairs. The daughter can be more, or less, soluble
than its parent and this can lead to a state of radioactive disequilibrium between the parent

and daughter radionuclides.

1.1.1 U Natural Decay Series radionuclides
Before discussing marine disequilibrium it is first important to understand the equilibrium
situation. A closed system in which a parent nuclide decays (A), producing a daughter

nuclide (B) which itself is decaying, can be expressed as:

A~y B2, C

where A, and A; represent the decay constants of nuclides A and B respectively.

The rate of change of the number of atoms of the parent is given by equation 1.1:

- = AN, (1.1)

where N, is the number of atoms of nuclide A, and t is time.
The daughter product (B) is being formed from the decay of the parent (A), at a rate given

by equation 1.2:



= AN, (1.2)

However, the daughter is also decaying according to its half life (equation 1.3):

dN,
- = AN, (13)

Therefore, the net change in the number of atoms of nuclide B is the sum of its rate of

formation from the decay of nuclide A and the rate of decay of nuclide B (equation 1.4):

dN,
dt

- 4N, - AN, | (1.4)

If amount of nuclide A present at time = 0 is known, (N,°) it is possible to determine the

amount remaining after time t from equation 1.5:

Ny = Nge™ (1.5)

If equation 1.5 is then substituted into equation 1.4 then:

= A, (NS%e™") - A,N, (1.6)

Equation 1.6 can be integrated and expressed as the number of atoms of nuclide B, allowing

the number of atoms of the daughter to be calculated at any time (t):

A

Ny = (;L/l

).No(e ™ - e ™)+ Npe ™' (1.7)



The activity of nuclide B can then be derived from:

Ay = Ny. 2, (1.8)

If the half life of the parent nuclide is significantly greater than the half life of the daughter
nuclide then secular equilibrium can be established. The difference in half life between

parent-daughter nuclides required for secular equilibrium can be written as (equation 1.9):

A
-4 < 10* (1.9)

Ap

In this instance, the decay of the parent is insignificant compared to the ingrowth of the
daughter. Thus A, is small relative to A, and e***tends to 1. Ifthe parent and daughter are
chemically separated then, at t = 0, N°%; = 0. Thus equation 1.7 can be re-written as

(equation 1.10):

A, N°
NB _ ,; 4 (l—e"lﬁ') (1.10)
B

When t becomes sufficiently large then equation 1.7 can be converted from number of atoms

(N) to activity (A) and be simplified to:

A,
—A = 1.11
A, (1.11)

This condition is called secular equilibrium.



Another equilibrium situation arises if the parent is longer lived than the daughter but the
requirements of equation 1.9 are not fulfilled. This is known as transient equilibrium and
when t becomes sufficiently large, N°,e™®" tends to zero and e™®" becomes negligible
relative to e™*" which tends to 1. This allows equation 1.7 to be expressed as a ratio of

activity as shown in equation 1.12:

AA — (’?'B - A)
Ap Ay

(1.12)

This work will focus on NDS radionuclides from the Z*U decay chain in the marine
environment. It is possible to separate the nuclides of the uranium series into two distinct
groups, namely those which remain dissolved in oxic aqueous solutions (U and Ra), and
those which bind to particles (Th, Pa, Pb, Bi and Po). The exception is *’Rn, an unreactive
noble gas. The different solubilities of NDS radionuclides in the marine environment can
create a state of radioactive disequilibrium between NDS radionuclides. This is due to
preferential uptake onto sinking particles by the more particle reactive nuclides. The ratio
of the specific activities of the nuclides is often termed the activity ratio. Ifthe nuclides are
in radioactive equilibrium the activity ratio will be unity. If the daughter is preferentially
removed the activity ratio will be less than one and the activity ratio can be used to

determine the extent of the removal of the particle reactive nuclide.

The degree of disequilibrium observed in the water column can provide information on rates

of uptake onto particles and subsequent removal from the water column by settling of



particle associated radionuclides to the underlying sediments. Therefore, by analogy,
corresponding information can be derived for particle reactive contaminant metals in the

water column.

NDS radionuclides, especially those in the 22U decay chain, have been widely employed as
tracers of the rates and mechanisms of many marine processes and offer several major
advantages over directly studying these process because: (a) radioactive decay allows rates
of processes to be derived as the nuclide utilised will decay according to its specific half life;
(b) decay of the parent nuclide allows the input of the daughter to be defined which allows
inputs and outputs to the system to be included in models; and (c) radionuclides are
relatively easy to measure at very low concentrations and can be easier to measure than the

processes under investigation (Wu and Boyle, 1997).

Several parent-daughter pairs within the *U natural decay series have been employed
successfully in the study of marine processes. These include: (a) Z*Th/?*U to estimate
particle fluxes and reworking at the deep sea floor (Aller and De Master,1984; Murray et
al., 1996) and euphotic zone production (Coale and Bruland, 1985; Dunne et al., 1997); (b)
BOTh/3*U to estimate sediment fluxes (Bacon and Anderson, 1982; Thomson et al., 1993a);
(c) *Ra/>Th to study seawater circulation patterns and rates (Cochran and Krishnaswami,
1980); (d) *°Pb/?*Th to determine the importance of lateral advection in the nearshore
environment (DeMaster e al., 1986); and (e) *'®Po/*'°Pb to estimate biological productivity

and nutrient cycling (Tanaka ef al., 1983; Smith and Ellis, 1995; Swarzenski et al., 1999,



Sarin et al., 1992, 1994, 1999), as tracers of particle scavenging processes (Bacon ef al.,
1976, 1988; Chung and Craig, 1983; Cochran, 1983; Zuo and Eisma, 1993) and tracers of
particle transport on the continental shelf and slope (Radakovitch e al., 1998; Radakovitch

et al., 1999; Stavrakakis ez al., 2000).

The important factor in choosing parent-daughter pairs is the half life of the daughter nuclide
which determines the time-scales of processes that can be measured. NDS parent-daughter
pairs are useful for measuring rates of process on the time-scale of four to five times the
daughters halflife. For example, *°Pb/**Ra disequilibrium provides information on 100 year
time-scale processes (Craig et al., 1973) while >*°Po/*'Pb is applied to short time-scale (1

to 2 years) processes (Smoak et al., 1996).

1.1.2 Introduction of **’Pb and progeny to the marine system

Before the dynamics of *°Pb, #°Bi and *°Po in the water column are discussed it is
important to describe how these nuclides are introduced to the water column. The processes
which introduce *°Pb and its progeny to the marine system are shown in Figure 1.2 and are

described below.

*2Rn is produced from decay of its parent, *’Ra, in the geosphere. **’Rn is a gas and can
escape to the atmosphere by way of cracks, faults and fissures in the bedrock. Decay of

*22Rn in the atmosphere will produce 2°Pb, which in turn decays to produce 2°Bi and #°Po.






The residence time of ?'°Pb in the atmosphere varies from a few days to around one month
(Francis et al., 1970). Therefore the activity of ’’Bi and ?'°Po in the atmosphere is directly
related to the atmospheric residence time of °Pb. Removal of >'°Pb from the atmosphere
(Fig. 1.2: Input 1b) can occur through both wet and dry deposition. If sufficient time has
elapsed for 2°Bi and *'°Po to be produced in the atmosphere the same processes (Fig. 1.2:
Inputs 1c and 1d) can remove them. These inputs provide fluxes of unsupported *°Pb to
the surface oceans. The term unsupported describes a situation where the daughter nuclide
has been separated from its parent and is decaying according to its own half life without
being produced by its parent. The main input of **°Po to the oceans is from in-situ
production from 2°Pb. The inputs of 2'*Bi may be from either atmospheric deposition or in-
situ production in the water column. The short half life of *°Bi (5.013 days) allows it to

gain equilibrium rapidly with its parent.

NDS nuclides found within the oceanic sediment can also introduce NDS daughter products
to the ocean. Decay of »°Th in the sediments will produce *Ra which can enter into
solution in the sediment interstitial waters and undergo diffusive movement in response to
concentration gradients (Moore, 1981) (Fig. 1.2: Input 2). This introduces supported ’Rn
and progeny to the water column. Another input of 2?Rn to the water column is gaseous
diffusion from the sediments, hence introducing a further source of °Pb and progeny (Fig.

1.2: Input 3).

A further input of NDS nuclides to the marine system is from dissolved U and Ra in river
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water (Input 4). Direct inputs of *°Pb from river systems to the oceans are thought to be
considerably less than the atmospherically supplied *°Pb (Benninger, 1978; Cochran, 1992;
Baconetal., 1988). Although, in certain nearshore locations, lithogenic material introduced
to the marine water column via rivers may be an important source (Carvalho et al., 1997,

Radakovich ef al., 1999).

1.1.3 Removal of NDS radionuclides from the marine system

The two main processes for the removal of NDS nuclides from the marine system are
settling of particle-bound radionuclides to the underlying sediment and radioactive decay.
Each nuclide has its dominant removal process depending on its geochemical behaviour.
Conservative nuclides (U and Ra) remain in the dissolved phase in oxic marine conditions
and their removal is due to radioactive decay or their re-distribution due to physical

oceanographic processes such as vertical and lateral water movements (Nozaki ez al., 1998).

Non-conservative nuclides may be removed from the marine system by particles in the water
column. Particle scavenging of NDS radionuclides describes the removal (or transfer) of an
NDS radionuclide from the dissolved phase onto sinking particulate material. Discrimination
between particulate and dissolved phases is determined by the pore size of the material used
to separate the phases and is therefore a user defined term. 0.45 um has often been used in
studies to define the two phases but recently the importance of microbiological particles in
scavenging processes has led to changes in the convention. Niven and Moore (1988) have

shown the importance of colloidal particles in Th uptake. By using smaller pore size filter
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papers (0.22 um), smaller particles can be retained and this allows improved resolution
between dissolved and particulate phases, although colloids and marine bacteria will still pass

through this pore size.

1.1.3.1 Prediction of geochemical behaviour in the marine system

The behaviour of many elements in the aquatic environments can be predicted using
Goldschmidt’s concept of ionic potential. The ionic potential is the ratio of the charge of
an ion to its radius (equation 1.13) and can be used to predict the partitioning of ions

between solid and aqueous phases.

. . charge on ion
Ionic Potential (pm™) = — _ 1.13
(pm™) ionic radius (pm) (113)

The size and charge of an ion in an aqueous system will influence its interaction with water
molecules and hence its stability in the aqueous phase. It also predicts that different ions
which have similar size and charge will show similar geochemical behaviour in aqueous
media. Cations with low ionic potentials (< 0.025 pm™) will attract water molecules around
them with the formation of a hydration sphere and therefore give the ion soluble behaviour.
As the ionic potential increases, there is an increase in the repulsion between the hydrogen
ions of the water molecules and the cation, resulting in the expulsion of an H+ ion from the
water molecule and subsequent precipitation of an insoluble hydroxide (if sufficient
concentration is present) in the process of hydrolysis. At ionic potentials greater than 0.056

pm’, two H+ ions may be lost from water molecules interacting with the cation, resulting
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in the formation of a stable complex ion that is generally quite soluble.

The solubility of an ion is not based solely on its ionic potential. Other factors such as pH,
Eh, salinity, microorganisms and certain ligands will also affect solubility, but the use ofionic
potential does offer a useful method for the prediction of solubility of ions in solution (Table
1.1). The solubility characteristics of Bi** and Po** fit the pattern observed in Table 1.1.
That is, they hydrolyse and form particle reactive species which favours their removal onto
particles in the marine water column. However, this is not true for Pb**. On the basis of
charge density, Pb>* would be predicted to be soluble (Table 1.1). However, the electron
configuration of Pb* causes it to be involved in covalent bonding due to its filled outer shell
(Van Loon and Duffy, 2000), the net result being the particle reactivity of Pb in water

(Cotton et al., 1987).

In the marine water column, particle reactive nuclides are those which should exhibit
insoluble behaviour, but do not occur in sufficiently large concentrations to precipitate out
of solution. Instead, they bind to particles to gain stability (e.g. Th, Pb, Bi and Po). The
particle reactive nuclides are found at concentrations substantially below their solubility
product and the dominant processes controlling aqueous phase concentrations is uptake on
the surface of particles. The particles can be of detrital origin (both organic and inorganic),
insoluble hydroxides and oxides, biogenic particles (faecal pellets) and clay minerals
(Carpenter ef al., 1981). The nuclides can form hydrolyzates, become absorbed into,

adsorbed onto, or precipitate onto the surface of the particle; processes which are
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1.1.4 Scavenging models

Models have been constructed to calculate removal rates of particle reactive radionuclides
in the marine system. The most basic of these models is a simple steady-state box model
(Fig. 1.3). This model can be applied to a parent-daughter pair of radionuclides and
incorporates first order kinetic terms to account for radioactive decay of the parent and
removal, by scavenging, of the daughter. The model assumes the system to be in steady-
state (i.e. inputs = outputs) The rate of production of the daughter nuclides is balanced by
its rate of removal by radioactive decay and the scavenging component £ N,, where & =rate
constant for removal. The assumptions in this model are that there is no horizontal

advection and that the scavenging is irreversible.

Inputs Outputs
>Decay of daughter
As Ny
Decay of parent ————>» N,
AN, —»Chemical scavenging
kN,

Figure 1.3:  The steady-state box model for calculating residence times of particle
reactive radionuclides in the water column (after Cochran, 1992). A =
decay constant, N = number of atoms and k = rate constant for removal.
Sub-script p and d refer to parent and daughter nuclides respectively
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The box model calculation can be written as:

AN, = 2,N,+ kN, (1.14)

where A represents the radioactive decay constant, N the number of atoms and subscripts

p and d refer to parent and daughter nuclides.

The activity (A) can be substituted for N and the equation expressed in terms of & as,

k=1 (141— 1) (1.15)
- M. Ad ’

Equation 1.15 allows the first order rate of chemical scavenging to be derived, and, by
taking the reciprocal of k, allows the residence time, 7, to be calculated. This model has
been applied in surface seawater studies of 2'°Po/2'°Pb disequilibrium where *°Po is removed
by scavenging and particle settling (Nozaki et al., 1997, 1998) and calculating the residence
time of >!°Pb in the deep oceans (Nozaki and Tsunogai, 1976). However, the model is now
known to be oversimplified as the removal of Po onto particles has been shown to be

reversible (Thomson and Turekian,1976; Bacon et al., 1976; Sarin et al.,1992).

For modelling of 2!°Pb behaviour in the Surface Mixed Layer (SML) of the oceanic water
column it has long been realised that the atmospheric input is the main source of °Pb (Rama

etal., 1961) with only 2 to 4 % of the ?°Pb activity being derived from in-situ decay of *Ra
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(Sarin et al., 1992). Therefore, models must take account of this influx of 2°Pb to the
oceans. Shannon ef al. (1970) used a simple box model to determine the residence times of
2% and *°Pb in seawater. They assumed, at steady-state, that the input from the
atmosphere and the decay of **Ra (/) would be balanced by the radioactive decay and the

removal by scavenging.

dN,,
dt

=0=1,,—- AN, - kN,, (1.16)

where / = total input rate from atmosphere and decay of parent

Similarly, for ?°Po,
dN
dtPon:]Po—’{Npo—kNpo (1.17)

However, the atmospheric input of 2°Po is assumed to be smaller (10 % that of *'°Pb) due
to the relatively short residence time of ?°Pb in the atmosphere relative to the time required

for *°Po ingrowth.

Assuming that the SML was 100 m deep and that there was no vertical mixing below the
SML, Shannon et al. (1970) obtained residence times of 5 years and 0.6 years for *!°Pb and
219 respectively. The in-situ production rate of *°Pb from *’Rn was calculated on the
basis of 2?Rn/***Ra activity ratios to be between 0.4 and 0.8 (Broecker et al., 1967). Nozaki
and Tsunogai (1976) used a similar model for calculating residence times of °Po and *'°Pb

in the SML, but pointed out that variations in the thickness of the SML and the atmospheric
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flux will introduce large uncertainties into the predictions. Bacon ez al. (1976) carried out
extensive *'°Po/*'’Pb measurements as part of the GEOSECS programme and examined the
activity ratio of ’°Po/*'°Pb in both dissolved and particulate matter (using 0.45 um filters).
Previous workers had examined zooplankton *'°Po/*'°Pb activity ratios but Turekian et al.
(1974) showed that these were unreliable as indicators of SML fluxes. By examining the
partitioning between particulate and dissolved 2°Po and °Pb, Bacon et al. (1976) were able
to calculate the residence times of both particle-bound and dissolved *°Po and *°Pb by
modelling each component separately. Bacon et al. (1976) found the residence time of
particulate Po to be shorter than for dissolved Po residence times (0.11 y compared to 0.61
y) and estimates the recycling efficiencies of Pb and Po in the SML to be 5 % and 65 %,
respectively. Residence times for dissolved '°Pb in the SML were ~2 y. For #*°Po in the
deep ocean, the residence time was estimated at 4 y. Reported dissolved °Pb deep ocean
residence times vary from 50 to 200 years but these estimates are strongly affected by other
processes such as enhanced scavenging at the sea floor by Fe and Mn and topographic
effects such as boundary scavenging (Bacon et al., 1976, Chung and Craig, 1983, Cochran

etal., 1983; Nozaki et al., 1997).

The processes responsible for removal of particle reactive species from the water column are
more complex than the simple box model suggests. Figure 1.4 is thought to be a more
accurate interpretation of the processes involved. This model accounts for a reversible
scavenging process in which particle-bound nuclides can be released back into the dissolved

phase. Furthermore, it contains a second reversible process in which small particles
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Figure 1.4:  Advanced scavenging box model of particle reactive radionuclides in
the water column (after Cochran, 1992). A = radioactive decay
constant and o = sinking velocity of larger particles

aggregate to form larger particles which have a higher sinking velocity than the smaller
particles, represented by o in Figure 1.4. Adsorption and desorption processes allow for the
recycling of °Po observed in the SML. This type of model is rarely applied to **°Po/*°Pb
disequilibrium as the steady-state box model can account for most of the observed

disequilibria.

1.1.5 Distribution of 2’Pb and *'’Po activities in the surface oceans

21%ph and *°Po are not uniformly distributed in the surface oceans. Their activities are
related to primary production, such that areas with high productivity will have lower surface
concentrations of both 2°Pb and ?'°Po (Sarin et al., 1999). Nozaki ef al. (1976) have
demonstrated that total (aqueous + particle associated) *°Pb and *°Po concentrations are
highest in the oceanic gyres, while their lowest total concentrations are found at the
continental margins and equatorial zone where they are more effectively removed from the
surface ocean. Nozaki et al. (1976) identify six dominant factors controlling the distribution

of 2°Pb in the surface oceans, with the two most important being (i) the atmospheric flux of
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219pp_ and (ii) the !°Pb scavenging efficiency. Thomson and Turekian (1976) examined °Po
and ?'°Pb in two stations off the coast of Peru. They observed lower °Po and 2'°Pb
activities but a higher 2°Po/*'Pb ratio in the upwelling site. They attributed the lower *'°Po
and *'°Pb activities to enhanced scavenging due to increased production in the nutrient rich
waters, and the higher **Po/*'°Pb ratio to low 2!°Pb activity water being brought to the

surface by the upwelling of the deep ocean waters.

Thus the vertical distribution of °Po and *'°Pb in the water column is not always constant.
Differences in the efficiency of particle scavenging between '°Po and *'°Pb cause differences
in their solid phase/aqueous phase distributions in the water column. For simplicity, the
oceans can be split into three vertical sections and, although this is a generalisation of a
highly complex system, this distribution has been observed in the Indian, Atlantic and Pacific
Oceans (Cochran et al., 1983; Bacon et al., 1976, Nozaki et al., 1976). The topmost layer
is termed the surface mixed layer (SML) and varies in thickness from 100 to 500 m. In this
layer, *°Pb is found in excess of its parent **Ra due to the input of unsupported 2'°Pb from
the atmosphere. Dissolved *°Po activities are usually lower than dissolved '°Pb activities
due to faster rates of Po scavenging and a larger atmospheric input of ?°Pb. Bacon and
Elzerman (1980) found that the top 30 um (micro) layer of the surface ocean was enriched
in *'°Po and suggested that this may introduce *°Po to the atmosphere as aerosols. Kim et
al. (2000) observed excess *'°Po in the coastal air of Chesapeake and Delware Bay. The
excess 2°Po is thought to originate from the top 30um layer of the ocean and the higher

21%pg excess was observed at times of high wind speed which suggest gas exchange from the
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oceans is responsible.

At the base of the SML, dissolved ?'°Po activities can exceed those of ?'°Pb due to
dissolution of biogenic particles and subsequent recycling of ®Po. This was observed in the
Atlantic and Indian Oceans but not in the Pacific (Bacon ez al., 1976, Cochran ezal., 1983;
Sarin et al., 1992; Nozaki et al., 1997). Generally, particle associated ?°Po activities are
higher than particle associated *'°Pb activities due to higher particle reactivity of Po
compared with Pb. The rate of removal of dissolved *°Po is dependent on the level of
productivity, with areas of high productivity showing a higher rate of >°Po removal from the
SML (Sarin et al., 1999). Residence times for dissolved **°Pb and ?'°Po in the SML are
estimated to be 2 years and 0.61 years respectively while particle bound **°Po has a much

shorter residence time of 0.08 years (Bacon ef al., 1976).

Below the SML there is a deficiency of #°Pb with respect to ***Ra due to particle
scavenging. Bacon ef al. (1976) observed dissolved ?°Po to be deficient relative to
dissolved 2°Pb by around 12 % below the SML with a corresponding enrichment of
particulate *°Po and suggested that the distribution of *°Po and *'°Pb between the dissolved
and particulate phases is dependent on the particle flux. Sarin ef al. (1992) observed a
similar deficiency of !°Po relative to *°Pb in the Arabian Sea, yet Turekian and Nozaki
(1980) found ?°Po and *'°Pb to be in equilibrium at depth in the Eastern Pacific. This
suggests that deep water disequilibrium is dependent on the localised conditions. The deep

ocean residence times for *'°Pb and *'°Po are estimated to be 50 to 200 years and 4 years
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respectively (Bacon ef al., 1976).

The bottom layer of the ocean is the Benthic Boundary Layer (BBL). Lower observed
219ph/2°Ra activity ratios towards the seabed (Craig et al., 1973) indicate that higher rates
of particle scavenging occur in this region. This may be due to resuspension of particles
from the sea floor or redox cycling of Fe and Mn in the water column. This is especially
relevant at ocean margins and Mid Ocean Ridges (MORs) and will be discussed in the
context of the nearshore environment (Section 1.1.6). Intensified scavenging of *°Po and
219ph, at the sediment-water interface appears to be ubiquitous throughout the aquatic system
in both marine and non-marine environments (Bacon et al., 1976, Chung and Craig, 1983,

Cochran et al., 1983; Benoit and Hemmond, 1987).

1.1.6 The nearshore marine environment

1% and *'°Pb provide a powerful tracer capability for establishing information on metal
residence times which is of fundamental importance in understanding the biogeochemical
cycling of heavy metals and modelling the behaviour of particle reactive pollutants in both

marine and terrestrial water bodies.

The nearshore marine environment is of major importance with respect to geochemical
cycling of contaminant metals since (a) they are the zones of maximum contaminant input
and (b) they are highly active areas, both biologically and geochemically. Most low solubility

contaminants are removed from the aqueous phase in these zones, where the dominant
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removal process is scavenging by particulate matter, with subsequent removal from the water
column by settling of the particles. Characterising the rates of these processes is fundamental
in developing an understanding of biogeochemical cycling of particle reactive contaminant
metals in the marine environment, however, they are difficult to quantify directly. In this
context, NDS radionuclides can be used as tracers of the mechanisms which govern the

removal of particle reactive metals from the marine water column.

The rates of particle scavenging of 2!°Pb are affected by a number of variables, including
proximity to land (McCartney ef al., 1990), particle concentrations, the concentration of
dissolved 2'°Pb, depth of the water column, upwelling and the presence of Fe/Mn

oxyhydroxides (Carpenter ez al., 1981).

In the nearshore environment, Pb and Po residence times are shorter than in the surface
ocean. Tanaka et al. (1983) reported dissolved **°Po and *°Pb residence times of 0.1 to 0.4
years in the nearshore environment. Schell (1977) observed increasing dissolved *'°Pb
residence times in samples progressively further from the coast. Moving from the Juan de
Fuca Strait to a station 5 miles from the coast saw the ?'°Pb residence time increase from 58

days to 128 days, with a further increase to 163 days at a distance of 12 miles from shore.

Mn and Fe oxyhydroxides are effective scavengers of particle reactive pollutants and this is
particularly important in nearshore studies (Kadko et al., 1987). Terrigeneous inputs from

rivers can supply significant quantities of Mn and Fe oxyhydroxides to the nearshore
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environment (Overnell e al., 1996). Mn and Fe are often major constituents of marine
sediments. In oxic conditions, Fe and Mn exist as Fe** and Mn** which are insoluble. In
reducing conditions, Fe and Mn exist as Fe** and Mn** which are soluble. Decomposition
of organic matter within the sediments can result in reducing conditions in the sediment. Fe
and Mn become soluble and diffuse through the sediment until they reach the oxic zone and
form insoluble oxyhydroxides. This creates a redox front in the sediments in which an
accumulation of Fe and Mn is observed (Chester, 1990). If suitably reducing conditions exist
in the overlying water column, the redox front migrates from the sediment into the water
column. Under these conditions particle reactive species are rapidly scavenged as Fe and Mn
oxyhydroxides. Spencer et al. (1981) suggest that this process plays a key role in *'°Pb
scavenging at the sediment water interface. This is a well accepted process, observed by
many researchers, and although especially relevant to the nearshore environment
(Swarzenski e? al., 1999), it has also been observed at the sediment-water interface in the
deep sea (Nozaki ef al., 1997, Wei and Murray, 1994) and in freshwater environments

(Benoit and Hemmond, 1987, Talbot and Andren, 1984).

Nearshore sediments show a larger inventory of unsupported *°Pb than would be expected
from the atmospheric flux and the dominant source of this excess is thought to be from deep
water 2'°Pb brought into shallower zones of intense scavenging by lateral advection. For
example, Smoak et al. (1996) estimate that 67 % of the excess *°Pb inventory on the
Amazon continental shelf is supplied by this processes. However, by determining *°Pb via

219pg they assume equilibrium between parent and daughter. Thus, their analytical procedure
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may be subject to significant error. Lateral advection would appear to act as the transport
mechanism responsible for a great deal of the sedimentary excess *'°Pb observed in the
nearshore environment (Krishnaswami et al., 1975, Carpenter ez al., 1981, DeMaster et al.,

1986).

Similar studies have also been carried out in lake systems as they also receive
atmospherically deposited *'°Pb. Benoit and Hemmond (1987) observed scavenging rates
of 2°Pb to be faster than *!°Po in an oligotrophic lake. The dissolved residence time for >°Pb
was around 40 days while >°Po dissolved residence time averaged 85 days. They also
observed that only half the 2'°Pb supplied to the lake (through atmospheric deposition and
stream input) was lost as stream outflow. Finally, when reducing conditions were prevalent
in the bottom waters, they found much higher activities of particulate **°Po and *'°Pb in the
bottom water suggesting mobilization of these nuclides in response to Fe/Mn redox cycling.
Balistrieri ef al. (1995) observed similar findings in Lake Sammamaish and suggest that
sulphur cycling may be important in controlling *°Pb and *°Po distributions in anoxic
conditions. Harada et al. (1989) found levels of ?°Po in Florida ground water reaching
activities up to 16 Bq I"! in a sulphide rich aquifer and suggested that the remobilisation of
these nuclides may occur through sulphate reducing bacteria destroying the Fe/Mn

oxyhydroxide coatings found on particles.

1.1.7 Tracer applications

21%po/21%Ph activity ratio measurements have been used to study biological productivity and
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boundary scavenging (Nozaki et al., 1976, 1997, 1998; Bacon et al., 1976, Thomson and
Turekian 1976; Sarin ef al., 1992; Smith and Ellis, 1995). Bacon et al. (1988) noted that
219Pp is a key analogue for studying atmospherically delivered contaminant inputs to the
ocean and in particular, stable Pb, which is one of the most significant heavy metal
contaminants in the environment. Wu and Boyle (1997) utilised *°Pb as a proxy for
anthropogenic Pb in the oceans to observe the dynamic response of the oceans to changing
Pb sources. McCartney ef al. (1990) used *'°Pb measurements in the Irish Sea to help
predict the geochemical behaviour of other particle reactive pollutants (Pu and Am) in the
same environment. Benninger (1978) used *'°Pb to examine the retention of heavy metals
in Long Island Sound. 2°Po and *'°Pb have been utilised as tracers of particle transfer
(Radakovitch et al., 1999; Stavarakakis ef al., 2000) and *'°Po is though to be linked to
sulphur cycling and strong evidence exists for this association (Harada et al., 1989; Wei and
Murray, 1994; Balistrieri et al., 1995, Swarzenski et al., 1999). This highlights the
application of NDS nuclides as analogues of natural processes. By using NDS radionuclides
as tracers of natural processes allows rates of processes derived which could not be derived
from simply measuring the contaminant itself. NDS disequilibrium data can allow
predictions of behaviour of pollutants introduced to the marine environment, their residence
times and fate. The dilute and disperse practises of waste disposal introduces a great deal
of waste to the marine system. Particle reactive pollutants and metals are being scavenged
rapidly in the nearshore environment and not being dispersed to the deep sea. It is therefore
imperative to have a clear understanding of the biogeochemical cycling in the nearshore

environment in order to regulate and control the pollution of these highly productive areas.
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1.2  Radioactive decay and interaction with matter

Radioactive decay is a spontaneous nuclear transformation involving a transition from one
nuclear energy level to another. The difference between these two energy levels is known
as the decay energy and the form and time of this decay characterises the transition. The

main modes of decay are briefly discussed below.

1.2.1 Radioactive decay

Alpha particles are produced from the radioactive decay of heavy nuclei which have an
excess of protons relative to neutrons. o emission is the ejection of two protons and two
neutrons bound together in the equivalent of a helium nucleus. o decay occurs in heavier,
unstable elements (atomic number > 80) and the emission of an « particle is in an attempt
to gain stability.

For example:

238 234 4
2U 2 “Th + He (1.18)

The helium nucleus has a mass of 4 amu and a +2 charge. The result of o emission of **U
is that the atomic number is reduced by 2 and the mass number by four. The daughter occurs
two places to the left hand side of the parent in the periodic table. The a particle is emitted
in one or more groups of mono-energetic particles which have energies ranging from 1.8
MeV (**Nd)to 10 MeV (***Ns). The energy of the emitted o particle is characteristic of the
radionuclide undergoing decay, therefore permitting identification of the decaying species.

Several radioactive decay processes are associated with beta decay: electron emission (f8°),
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positron emission () and electron capture (EC). Only " decay will be discussed as " and
EC are of less importance in this study. (3 decay occurs in nuclides which have an excess
of neutrons relative to protons. In ° decay a neutron is changed to a proton with the

emission of an electron (B particle) and an antineutrino.

o> p+e + v (1.19)

For example:

210y 210 - -
pBl —> G Po+e + v (1.20)

The energy released by B decay is shared randomly between the B~ particle and the
antineutrino in varying amounts and, as a result, the beta spectrum covers a wide range of
energies up to the maximum energy released for the specific nuclide, which is termed the
E,_.. Thus, B~ energies range from zero to the E__,. For°H, the E_,, is 18.6 keV while for
29Bi the E,,, is 1161 keV. Asa result, the °Bi spectrum covers a much larger energy range
than *H. Theoretically, the B~ particle can contain all the decay energy (in which case it
would be emitting at the E_,, of that nuclide) or all the energy can be transferred to the

antineutrino (thus the beta energy would be zero).

In the strictest sense, the emission of y photons is not a form of decay. Often, the daughter
product from o or B decay is produced in an excited state. The newly formed nucleus can

release this excitation energy in the form of a y photon. y photons are a form of
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electromagnetic radiation with extremely short wavelengths and have energies ranging from
10 keV to 7 MeV. The energy released from y decay is characteristic of the nuclide
undergoing decay (for example °Pb can be measured by its 46.5 keV y photon peak). This
is because the de-excitation occurs between two defined energy levels, so the released energy

is quantised.

In some cases, the nucleus may remain in an excited state for a measurable length of time,
(more than one second) before decaying to its ground state by y-emission. This is known
as a meta-stable state or isomer.

For example:

BCs » "mBa » Y/Ba + 7 (661.7 keV) (1.21)

where the superscript m indicates a meta-stable state.

The gamma intensity is a measure of the fraction of the total numbers of decays that occur
by that particular transition at the specific y energy. 5.4 % of *’Cs decays to *’Ba by B~
decay (E,... = 1173 keV) and 94.6 % of *'Cs decays to *™Ba by B~ decay (E,,,, = 1176
keV). ™Ba then decays by y emission to *’Ba. Five y-transitions take place between

3’mBa and *'Ba, but approximately 90 % of the y emissions occur at 661.7 keV.

1.2.2 Interaction of radiation with matter

It is also important to consider the various ways in which a, 7, and y radiation interact with
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matter. o, B~ and y radiation all behave differently and it is these different modes of
interaction which allow them to be discriminated. The properties of o and 3~ particles are
shown in Table 1.2. a particles have a larger mass relative to ~ particles, which causes them
to travel more slowly than 3~ particles. The result of this is that o particles have a higher

specific ionization than B particles but lose their energy of excitation over a shorter path

length.
Ion pairs per mm |LET in water | Range in air
Mass (amu)| Charge | of air for a 1 MeV | (keV pm™) (cm)
particle
04 4 +2 10* “%po 136 | “Po 3.6
B~ 10.0005435 -1 10 P 0.07 P 770

Table 1.2: Various properties of o and B~ particles highlighting the higher specific
ionisation of a particles compared to ~ particles. The LET (linear energy
transfer) describes the energy deposited per unit length of track (from
Choppin, 1994).

Gamma radiation is high energy electromagnetic radiation. There are three principle ways

in which y radiation interacts with matter, namely the photoelectric effect, Compton

scattering and pair production. The probability of each type of interaction is dependent on
the energy of the y photon and the z value of the absorbing material. The photoelectric

effect dominates up to 0.02 MeV, Compton scattering predominates between 0.1 MeV and

3 MeV. Pair production has a threshold energy of 1.022 MeV.
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1.3  Liquid scintillation spectrometry

The remainder of this section will discuss the theory and workings of liquid scintillation
spectrometers. This is the main instrument used in this research from the method
development, to the application of the method to study 2°Pb, ?°Bi and *°Po in the nearshore
marine environment. This section will first introduce the fundamentals of liquid scintillation
spectrometry (LSS) before discussing some of the background reducing features that allow
LSS to measure very low levels of activity. Other considerations for the measurement of
low levels of activity include the preparation of the sample, the vial in which the sample is

measured and the effects of quench in LSS.

The technique of LSS is based on the observation of Ageno et al. (1950) that certain organic
liquids emit fluorescent light when excited by radiation. The fluorescence (or photons)
emitted by the organic compounds (fluors) from the excitation can be converted to a burst
of electrons by photo-multiplier tubes (PMTs) and subsequently measured as an electrical

pulse by a LS spectrometer.

1.3.1 The spectrometer

The instrument used to measure these pulses is called a liquid scintillation spectrometer. It
is comprised of two diametrically opposed PMTs, each with its own pre-amplifier, a
coincidence circuit, a summation circuit, an amplifier, an analog to digital converter (ADC)
and a multi-channel analyser (MCA). The basic components of a modern LS spectrometer

are shown in Figure 1.5.
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The summation circuit is designed to allow for differences in pulse intensity caused by the
position at which the pulse originated in the vial. For example, if an event occurred close
to the edge of a vial then the response may be greater in one PMT than the other. The
application of summation circuitry to LSS has long been standard for several reasons: it
sharpens peaks, allowing better separation of o and 3~ events and it allows more low energy
events to be recorded. *H counting efficiency increased from ~ 30 % without summation,

to ~ 45 % with summation (Kessler, 1989).

The signal, which has successfully passed through both the coincidence and summation
circuitry, is amplified and fed into an ADC and then to a MCA. In instruments built before
the 1980s the output of the LS counter was to predefined counting windows (usually three).
This had the disadvantage that the operator could not change these counting windows once
counting had begun. If changes to the counting windows were required, the sample had to
be re-counted. The advent of affordable ADC and MCA technology started the revolution
into so called windowless counting. As the amplification of photons by the PMTs is linear,
the amplitude of the pulse is representative of the event energy. For example, a 3~ particle
will produce around 10 photons per keV of energy released into the cocktail, so a 50 keV
particle will produce about 500 photons, and a 500 keV particle will produce around 5000
photons. The relationship between pulse height and energy is still retained after digitisation

(L’ Annunziata and Kessler, 1998).

The digitised pulses are passed to a MCA, which classifies the pulses into discrete energy
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units representative of the amplitude of the original pulse. MCAs typically utilise 4000
channels, each representing an energy band 0.5 keV wide over the range 0 - 2000 keV. This

can then be displayed visually as a spectrum showing number of counts against energy.

Beckman Instruments and Wallac Oy use logarithmic amplification of the pulse instead of
the linear amplification applied in Packard spectrometers, and these spectra are displayed on
a basis of channel number rather than energy. Apart from the amplification method, all LS
spectrometers have the same basic detection system (Fig. 1.5). It is their additional features
which differ between manufacturers, such as background reduction and determination of

quench.

1.3.2 The liquid scintillation cocktail

The liquid scintillation cocktail is the matrix in which a radioactive sample is placed for its
measurement by LSS. A scintillation cocktail requires several features essential to the
mixing of the sample and the production of light from the decay. A conventional cocktail

will contain a solvent, surfactants and fluors.

1.3.2.1 The solvent

The role of the primary solvent is to convert the kinetic energy of the radioactive decay into
excitation energy. Primary solvents are the initial energy transfer agent, therefore, the
correct choice of primary solvent is as crucial as the sample being placed in it. Primary

solvents are aromatic hydrocarbons, the de-localised © electrons of which are effective in
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converting the energy of the radiation into excitation energy. Solvent excitation can be
written as:

P+s—p+s* (1.22)
where P and p represents the radioactive particle before and after decay ( o, B or y), s

represents the solvent and * denotes an excited solvent molecule.

The properties of the solvent are important in LSS. The magnitude of anode pulses obtained
using a single PMT and an external y source for a range of different solvents allows pulses
obtained from different solvents to be compared against each other. The pulse height from
toluene is given an arbitrary value of 1, and the pulse heights obtained from other solvents
can be compared. This is known as the Relative Pulse Height (RPH). The higher the RPH,
the better the solvent. The ideal solvent should have a high RPH, be liquid at room
temperature (low melting point), have a low flash point and have a high solubility for the
scintillator to ensure maximum light output (Gibbs et al., 1976). The properties of a range
of common LS solvents are shown in Table 1.3. Inthe early days of LSS, toluene and xylene
were the main solvents used by analysts and the development of emulsifying cocktails in the
1960s further enhanced their use. Dioxane and p-xylene have high RPHs but their freezing
points are ~12 °C and 13-14 °C, respectively, and hence require room temperature counters.
In older LS spectrometers, counting at room temperature resulted in higher background
count rates than when the counter was temperature controlled. The effect of temperature
control on background count rates with modern PMTs is negligible and temperature control

is now used to minimise phase separation between the sample and the cocktail. Toluene is
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Relative [Melting| Flash | Vapour
Pulse |Point | Point | Pressure iodeeradable? International
Height | °C °C |mmHg@ g *| Classification
(RPH) 25°C
1, 4-Dioxane 0.65 11.8 12 40 No Flammable
p-Xylene 1.10 [i12to13] 30 8 No Flammable
toluene 1.00 -95 5 28 No Flammable
benzene 0.85 55 -11 - No Flammable
pseudocumene| 1.12 -60.5 52 2 No Flammable
phenyl-ortho-
xylylethane 1.14 - 150 - No Harmless
linear-alkyl
benzene 0.91 - 150 0.76 No Harmless
di-isopropyl
naphthalene 1.14 - 148 1 Yes Harmless
Table 1.3: The chemical and physical properties of common liquid scintillation cocktails.

The RPH is a measure of pulse height relative to toluene (=1.0). The melting

point signifies the minimum counter temperature (data from: Gibbs et al.,

1976, Kessler, 1989; Thomson 1991).
easily obtainable at a reasonable cost and has a low freezing point, but it poses a hazard in
the laboratory as its flash point is below room temperature and it is now a suspected
carcinogen. In addition, the disposal of toluene based cocktails represents a significant cost
component of an analysis. Safety concerns drove analysts to find higher flash point cocktails.
In the 1970s pseudocumene was introduced (Nibeck et al., 1980), which has a high energy
conversion factor (light produced per unit decay), and fewer safety restrictions. Although

it has a higher toxicity than toluene, its higher flash point makes it safer in terms of both

transportation and storage.

In the 1980s further advances were made in terms of cocktail safety with the development
of polyalkylbenzenes, di-isopropyl naphthalene (DIN) and phenyl-o-xylylethene (PXE) as

LS solvents (Thomson, 1991). The advantage of these solvents was their low vapour
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pressures which allowed them to be dispensed in the open laboratory. DIN and PXE were
the preferred solvents as polyalkylbenzenes have a lower energy conversion factor and still

have toxicity problems.

Thomson (1991) reported that DIN was the ideal solvent for LSS. It is a high performance
solvent with a low vapour pressure, low flammability, low toxicity and low plastic
permeability. This latter feature allows DIN-based cocktails to be used in plastic vials
instead of glass, which represents an advantage in terms of cost and background. Classical
cocktails, such as those based on toluene and xylene, are steadily lost from plastic vials as
the solvent permeates through the plastic. The biodegradability of DIN based cocktails also
allows drain disposal, but it affects its long term stability as, over the course of a few months,
the cocktail can be oxidised and become yellow. Although this is not a problem for most
samples it may be of concern with regard to the long term stability of standards. However,
some of the early-developed solvents are still the most popular choice today. In most

radiometric radiocarbon applications benzene is both the sample and primary solvent.

1.3.2.2 Fluors

The next stage in the scintillation process is the transfer of the excitation energy from the
solvent to the fluor. The fluor then exists in an excited state, when it loses this excitation
energy, it returns to a ground state and emits a photon of light. The excitation of the fluor
via the solvent can be written as:

S* +F — S + F* (1.23)
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where S represents the solvent molecule, F denotes the fluor and * denotes an excited state.

A scintillation cocktail may also contain a secondary fluor. In the early days of LSS,
secondary fluors were required to ensure that the emitted light was at a wavelength
detectable by the PMTs, but they are still used today for reasons described later in this
section. Important properties of secondary fluors are light transmission, their peak
fluorescence wavelength, the decay time of the light emission and their resistance to
quenching. Light transmission describes the effectiveness in which the fluor converts the
radiation energy into photons of light, while the peak fluorescence wavelength must be of
suitable wavelength to ensure that the light produced registers with the photocathode. The
decay time, in nanoseconds, describes how quickly the light pulse is produced. Inthe 1950s,
there was intense investigation into many different types of fluor (Swank ef al., 1958), but
today there are only a handful of primary and secondary fluors in common use, the properties

of which are summarised in Table 1.4.

Decay time Fluorescence | Solubility in
(ns) Maximum (nm)| Toluene (g ')
PPO 1.6 364 451
butyl-PBD 12 367 67
BBOT 1.2 438 48
naphthalene 110 325 350
bis-MSB 13 412 4.5
POPOP 1.5 418 0.9 |
dimethyl POPOP 1.5 429 2.6 |

Table 1.4: The properties of fluors commonly used in LS cocktails. PPO and
butyl-PBD are the most widely used primary and secondary fluors
respectively. The fluors with low solubilities in toluene may be added
only as secondary scintillators (from Gibbs ez al., 1976).
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PPO (2,5-diphenyl oxazole) is a commonly used fluor, which has a good scintillation
efficiency, a good solubility in primary solvents and is available at a reasonable price. Butyl-
PBD (2(4'-tert-butylphenyl)-5-(4"-biphenyl)-1,3,4-oxadiazole) is also a very efficient fluor.
However, to achieve this effectiveness it is necessary to use double the concentration of
PPO, and this adds to the cost of the analysis as the cost of butyl-PBD is double that of PPO
(S. Temple, personal communication, 2001). Furthermore, butyl-PBD can react with acids,
bases, amines and other compounds, the effect of which is to reduce its scintillation
efficiency. BBOT (2,5-bis-2-(tert-butylbenzoxazoly)-thiophene) is only 80 % as efficient in
producing light as PPO. It does, however, emit light in the visible region which makes it
more resistant to quenching. Unfortunately BBOT suffers the same drawbacks as butyl-
PBD, namely; its cost compared to PPO, its chemical reactivity and its lower solubility.
Although not a secondary fluor, naphthalene is often added to LS cocktails, since its long
decay time leads to an improved energy transfer to the triplet state. This leads to an

improvement in the resolution of o/f§ LSS (Kaihola and Oikari, 1991).

More common secondary fluors include bis-MSB (p-bis-(0-methylstyryl)-benzene), POPOP
(1,4-bis-2(5-phenyloxazolyl)-benzene and dimethyl POPOP (1,4-bis-2-(4-methyl-5-
phenyloxazolyl)-benzene). Often, secondary fluors are better scintillators than the primary
fluors, but for reasons of solubility, reactivity with sample and cost, they are often added in

a smaller concentration.
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1.3.3 Pulse shape analysis

As stated earlier, 3~ decay produces B~ particles with a range of energies, whereas o particles
are approximately mono-energetic for a given nuclide. This difference explains the
characteristic spectral shapes observed for o and B~ emitters. The 3~ spectrum covers the
range from 0 keV to the E_,, , while o particles have a Gaussian distribution. When a 3~
particle interacts with the scintillation cocktail, the ionization causes the fluors to be raised
to an excited singlet state (S, S,, S, etc). There are several processes by which this energy
can be lost from the fluor molecule, returning it to the ground state, S,. An excited singlet
state results in the transition of a de-localised 7 electron (from the fluor) to a higher energy
level, the direction of spin of this electron remains opposite to the electron in the ground
state (Fig. 1.7). A photon is produced when the excited singlet state returns to its ground
state. The probability of an excited triplet state forming from B” induced excitation is small

due to the relatively low specific ionization of B~ particles in the cocktail.

+ . |
L

Ground state Excited Eg{cited
singlet triplet
state state

Figure 1.7:  Electron distribution and spin in ground, excited
singlet and excited triplet states (from Spinks and
Wood, 1964).
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An excited triplet state cannot form directly from the ground state, as this involves both
transfer of an electron to a higher orbit and an inversion in the direction of spin in the excited
electron (Spinks and Wood, 1964). Instead, excited triplet states form by inter-system
crossing from an excited singlet state to an excited triplet state. o particles have a much
higher specific ionization than B~ particles, which leads to more ion recombination, and as
a result, a larger proportion of electrons can be raised to an excited triplet state. Excited
triplet states, (T,, T; etc) rapidly de-excite to their lowest excited triplet state by internal
conversion (Spinks and Wood, 1964). However, triplet states cannot directly lose their
energy radiatively as this is a forbidden process (due to the parallel spin of electrons). Triplet
states are lower energy than singlet states so they cannot transfer their energy to singlet
states by internal conversion (Fig. 1.7). Instead, triplet states de-excite by a process known
astriplet-triplet annihilation. Inthis diffusion-based process, two excited triplet states collide
to form an excited singlet, a molecule in the ground state and a photon. The excited singlet
can then de-excite and produce an additional photon. The time taken for triplet-triplet
annihilation to occur causes o particles to have a longer scintillation decay time than -

particles, as will be discussed in Section 1.3.5.

The higher specific ionization of o particles causes them to ionize nearly every molecule they
encounter, which results in a counting efficiency very close to 100 %. Their relatively short
range means that o particles produce only 1/10% the number of photons as a B~ particle of
the same energy. This occurs as the shorter path length of an o particle compared to a 8-
particle results in less efficient excitation energy transfer from solvent to fluor (McKlveen
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and McDowell, 1984). For example, a f particle with an E_,, of 500 keV will produce
photons whose energy is dispersed from 0 to 500 keV. An « particle with an energy of 5
MeV will have its energy spread in a Gaussian distribution centred at 500 keV. The Full
Width Half Maximum value (FWHM) is measure of the width of a peak at half of its
maximum amplitude. For o particles measured by LSS this is approximately 200 to 300
keV. Hence it is therefore not possible to resolve multiple o. emitters in the same sample
unless their energies are significantly different. Sanchez-Cabeza et al. (1996) were able to
resolve the peaks from *“Po (7.69 MeV) from the composite o peak of ?*Ra, *’Rn and
218po in analysis of drinking water radioactivity. Many o emitters cannot be resolved by LSS
and this is one of the few disadvantages of LSS compared to o spectrometry and is discussed

more in Section 2.7.

1.3.4 Considerations in LSS

The technique of LSS can be applied to samples of almost any activity. In nuclear power
generation they are used for a wide range in nuclides where activities can be measured in M
Bq. In contrast, LSS is becoming increasing important in environmental measurements
where activities in mBq are determined (Benitez-Nelson and Buesseler, 1997, Pates et al.,
1996). In the determination of low levels of activity it is important to optimize the

instrument to minimise the detection limit.

1.3.4.1 Background
Counts that register on a radiation detector but do not originate from the sample being
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analysed are termed background counts. When the activity of the analyte is very high, the
background count rate becomes insignificant in terms of the total count rate. However, an
accurate determination of background count rate is critical for the correct determination of
low sample activities. In terms of environmental analysis, LSS was originally used for *H
and **C measurements and the main driving force behind background reduction has been the
measurement of *C for dating applications. Reductions in background count rates give lower
detection limits and reduce the errors associated with the *C measurements, thus extending
the range of '*C dating. As background count rates have fallen, the huge potential for LSS
determination of a wide range of natural and anthropogenic nuclides at very low activities

has been realised.

The background of an LS spectrometer can be divided into two categories, quenchable and
unquenchable. Unquenchable background events occur outside of the scintillation cocktail
and are the result of external radiation entering the counting chamber (Horrocks, 1985). It
accounts for around two-thirds of the total background count rate and includes cosmic
interactions with the PMTs, the vial material and the natural radiation in the vial material.
Unquenchable background events are essentially low photon yield Cerenkov events which
dominate the low energy region (0 - 18.6 keV). Quenchable background counts originate
within the cocktail and account for around one-third of total background (Horrocks, 1985;
Passo and Cook, 1994). The name quenchable background is used because these counts can
be affected by quenching within the vial. Quenchable background results from interaction

of cosmic rays with the cocktail, chemiluminescence or photoluminescence.
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Chemiluminescence results from light-producing chemical reactions within the vials, and can
be controlled by allowing the sample to sit in the counter for several hours prior to counting.
This cools the vial to the temperature of the counter, usually around 13 °C, and thereby
slows down the rate of any chemical reactions occurring in the vial. Monitoring the count
rate of the samples is often the best way to deal with severe chemiluminescence. For
example, monitoring radioactivity in oil requires the samples to be left several days before
counting begins. Photoluminesence is the result of excitation of the vials, caps or cocktail
by light. Again this can be reduced by leaving the sample in the counter (dark adapting)
prior to counting and by storage of the vials, caps and cocktail in the dark to limit excitation
in the first instance. In modern LS spectrometers, the percentage of counts originating from
luminescence can be determined, allowing the analyst to decide when counting can begin.
Quenchable background covers a wide range of energies and will increase with increasing

cocktail volume and decrease with increasing quenching agent (Horrocks, 1985).

Any technique that can reduce either component of background is highly beneficial to the
LSS user. The simplest way to reduce background is to reduce the amount of cosmic
radiation reaching the counter. There have been some rather dramatic solutions to this
problem such as placing the counter beneath a dam (Alessio et al.,, 1976) or in an
underground counting chamber (Polach ef al., 1988). These solutions are not practical for
most analysts and are also very costly to set up. This has led both users and manufacturers

to develop alternative background reduction techniques.
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Homemade background reducing steps usually involve increasing the lead shielding that
surrounds the detector, decreasing the voltage across the PMTs and masking the PMTs to
minimise crosstalk between the two PMTs. y-photons and the soft cosmic muon component
of background can be removed by increasing the Pb shielding that surrounds the LS detector,
however, increasing the Pb shielding will not prevent the high energy component of cosmic
rays from penetrating the shielding. As the Pb shielding slows down these cosmic rays, Pb
X-rays are emitted at 75 and 85 keV. The shielding has then to be lined with Cu and Cd.

The Cd will absorb the Pb X-rays and the Cu will absorb the Cd X-rays.

Researchers looked towards active shielding to lower backgrounds and the first generation
of cosmic guards were developed by the users (Alessio et al., 1976, Jiang et al., 1983). One
type of active shielding can be seen today on the Wallac Quantulus. This instrument features
a scintillating guard that surrounds the sample PMTs and has a further two guard PMTs
which operate in anti-coincidence with the sample PMTs. This allows photons which strike

both the vial and the guard to be rejected as a background event.

To address the problems associated with unquenchable background, the Packard Instrument
Company pioneered the use of a background reducing feature based on pulse shape analysis
(PSA). Each pulse that is detected is examined, and on the basis of the number of
afterpulses, the pulse is either rejected as a background event, or accepted as a true event.
This novel background reduction technique is based on the different pulse shapes produced

by a P particle and a background event. A typical B~ pulse will comprise a prompt pulse
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lasting 2 to 8 ns (singlet de-excitation) followed by the delayed component (the length of
delayed component of a true ” induced pulse varies depending on the energy of the f§°
particle). A typical background pulse will have a similar prompt pulse but will contain more

afterpulses, lasting up to 5 pus (Roodenberg ef al., 1972, Van Cauter, 1986) (Fig. 1.8).

A. B.
Promt pulse Promt pulse
‘ Aﬁelpulses
A Delayed pulse or slow
PulseiHeight component Pulse Hexg
.
1 A A A
Yy |\ Tcs-.
2-8 ns Up to 900 ns >
Upto 5 us

Figure 1.8:  Graphical representation of a typical ~ induced pulse (A) and a
background induced pulse (B) from an unquenchable event (afterpulses
are not to scale) (from Passo and Cook, 1994).

When a coincident pulse is registered by the counter it activates the “burst counting
circuitry” (BCC) which records the number of afterpulses occurring after the coincident
pulse. The number of afterpulses is summed and termed the pulse index. If the pulse index
is greater then the pre-set maximum, the event is rejected as background. Initially, the user
had no control of this pulse index setting as the default setting was based on the f~ pulse
length from a "C source. This had a detrimental effect on the counting efficiencies of long

delay pulses, which resulted from high energy B~ emitters, de-oxygenated samples (oxygen
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acts as quenching agent and shortens the pulses lengths) or solid scintillators which have a
long delay time. Currently, Packard LS spectrometers have a modified feature which allows
the analyst to select the time delay before burst counting begins. This is termed the Delay
Before Burst (DBB), and has a range of delay settings from 75 to 800 ns. The lower the
DBB setting, the smaller the background count rate but consequently, the lower the counting
efficiency of high energy radiation (Passo and Roberts, 1996). Conversely, with the DBB
set at is maximum time of 800 ns, much higher counting efficiencies are achieved, but at the
cost of higher background count rates compared to the lower settings. The optimum setting
is one which gives a balance between the highest counting efficiency and the lowest

background.

The optimum DBB setting can be derived by calculating the Figure of Merit (E*/B, where
E = efficiency and B = background) at a range of DBB settings. By calculating the E¥/B for
each setting, the highest figure of merit value can be found, providing the optimum counting
conditions. This setting is entirely dependent upon the nuclide of interest and characteristics

of the cocktail.

Another background reducing feature on the Packard 3170 TR/SL used in the present
research is a quasi-active guard which acts to increase the discrimination between true and
background events (Noakes and Valenta, 1996). The guard is made of bismuth germanate
oxide (Bi,Ge;0,,) (BGO). Its high density (7.13 g cm™) makes it extremely effective at

interacting with high energy cosmic radiation. The BGO does not stop cosmic rays reaching
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the PMTs but its long fluorescence lifetime causes a stretching of the pulses passing through
it, which gives the electronic pulse a long delayed component This can be discriminated by
BCC (Noakes and Valenta, 1996). Caution should be exercised when B/y-emitting nuclides
are being assayed by a BGO-LS spectrometer due to reduction iny counting efficiency from
interaction with the guard, and in some cases a non-BGO LSS may give higher counting
efficiencies. If the y emission is coincident with the B~ and is sufficiently energetic then the
interaction of the y induced photon with the BGO guard may cause rejection of true events
by the BCC. The choice of cocktail is also important in LS spectrometer which feature PSA.
Cook etal. (1991) found that bis-MSB was crucial as a secondary scintillator in conjunction
with a butyl-PBD scintillator. The bis-MSB acts to minimise afterpulsing and therefore bring

more true B~ events within the cut off threshold of the burst counter.

1.3.4.2 The sample

It is important in LSS to have the sample in a form which will allow it to become
homogeneously mixed with the cocktail. In most applications of LSS, the sample is in a
liquid form, allowing the sample and the cocktail to become intimately mixed into a
homogeneous matrix. In some cases this is not possible and solid samples have been counted
by LSS, including **Sr and ! Am on filter papers and wipe assays (Cooper et al., 1998) and
241py on stainless steel disks (Cook and Anderson, 1991). In some cases the sample may be
prepared as a precipitate, such as *S (as BaSO,), *Sr (as SrCO,) (Friedrich and
Schonhoffer, 1996) and ?°Ra (as RaSO,) (Chalupnik and Lebecka, 1990), and suspended

in a gelling cocktails. Although this method of sample preparation may introduce a degree
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of sample self absorption, it offers a quick and reliable way to incorporate the nuclide of

interest into the scintillation vial.

1.3.4.3 The vial

The vial is the container which holds the sample while it is counted in the LS spectrometer,
therefore it is vital to chose the correct interface between the sample and the PMTs to ensure
the best counting efficiency. Vials are available in a range of sizes manufactured from a
variety of materials. The choice of material for the LS vial can have a significant effect on
the counting efficiency. The material used should exhibit a low background count rate, have
minimum absorbance of the emitted light, be chemically inert to the sample and the cocktail,
be uniformly manufactured to minimize any variation between vials, have a reliable method
of closure (and re-opening) and be available at low cost (Gibbs e al., 1976). The two main
materials routinely used to manufacture LS vials are low-K borosilicate glass and
polyethylene. Polyethylene vials are perhaps more commonly used today since the
development of DIN based cocktails. Before the advent of these environmentally safe
cocktails, many of the solvents were able to diffuse into the polyethylene. Since the
polyethylene is manufactured from a low background source (petroleum distillates), the
background count rates from polyethylene vials are lower than those of glass vials. In terms
of cost, plastic vials are cheaper than their glass equivalents and their opacity results in
improved transmission of light as the matt surfaces minimise the chance of any light being

reflected off the insides of the vial (Oikari ez al., 1987, Pates, 1996).
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Glass vials were the main counting vessel for LSS until the cheaper alternative of plastic
became a viable option. The glass used in their construction is low-K borosilicate which has
lower background count rates due to its lower potassium content, “’K being the main
background component of glass vials. Glass vials still have advantages in a wide range of
LSS applications. One of their main uses is in **C dating due to the permeability of benzene
through plastic vials. They also allow visual inspection for any heterogeneity in the sample
due to phase separation, colour formation or precipitation of sample from the cocktail.
These problems are not readily detectable in plastic vials. Furthermore, they allow sample
volume to be reduced in-situ on a hotplate which is important in certain applications.
Several other types of materials have been experimented with to allow lower background
count rates in "*C dating, including synthetic quartz (Hogg, 1993) and Teflon (Polach ez al.,
1983). Teflon vials require a rigorous cleaning procedure before their re-use and although
synthetic quartz vials require only minimal washes, their use is restricted to a handful of

samples which require the highest sensitivity, due to the cost of such vials.

The size of the vial also plays an important role in terms of background and detection limit.
Plastic vials are available in a wide range of geometries, the most popular being 20 ml and
7 ml. Glass vials are also available in a range of sizes but again, the two main geometries are
20 ml and 7 ml. In the simplest terms, the 7 ml geometry contains less vial material, and
hence, gives a lower background count rate. Furthermore, the quenchable component of
background is related to cocktail volume (Horrocks, 1985). In certain applications the limits

of detection depends on the size of sample that can be incorporated into the vial and larger
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vials offer improved detection limits (Ingenco, unpublished data, 2001). For example, in
direct *H measurements, the sample cannot be evaporated to a smaller size without losses
of °H as *H,0. Therefore, not only is the correct choice of vial important but also the

correct vial size for the activity being measured.

1.3.44 Quenching

LSS measurements are subject to their own type of interference called quenching. If not
controlled, quenching may severely influence the results. Quenching is the reduction in light
output by the sample itself. In the simplest form, any reduction in the number of photons

reaching the PMTs is termed a quench process.

There are three types of quenching processes that can occur in a LS sample. Absorption
quench occurs when a solid material is present in the vial which attenuates any emitted
radiation before it excites the solvent molecules. This type of quenching is particularly
relevant when counting filter papers or any undissolved sample such as the direct counting
of soils (Adu and Oades, 1974). The overall result is a decrease in counting efficiency.
Chemical quench occurs when an excited solvent molecule transfers its energy to a non-light
producing impurity. The impurity emits no photons and/or disrupts the energy transfer
process to the fluor, again a reduced number of photons are observed at the PMT. The net
result is a reduction in counting efficiency and shifting of the spectrum to lower energies.
Finally, the term colour quench is used when the excited fluor molecules emit photons but

these are absorbed by a coloured species in the sample. The coloured species either loses
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developed when instruments with two or more counting windows became available. It relied
on the spectral shift that could be observed with increasing quench and measured the ratio
of the counts in the two windows (one low energy and the other high energy) to quantify the
quench conditions in the vial. The method relies on having sufficient activity to record
enough counts in the two channels for the ratio and hence the efficiency to be determined
accurately and is therefore not suitable for low activity measurements. Quench indicator
parameters (QIPs) based on the end point of the sample spectrum have also been applied.
The QIP of a sample is derived from the activity of the sample by integrating the total counts
observed over the whole spectrum. It is independent of sample volume, wall effects and
cocktail density, but because it relies on the count rate of the sample, is subject to low count

rate uncertainties.

The most accurate method of determining quench is termed the external standard method.
It uses an external y emitting source to induce Compton electrons in the sample (Rapkin,
1970). The y source (***Ba, *'Cs or *°Ra) is brought close to the sample vial. The y
photons interact with the sample to produce lower energy y photons and Compton
electrons. A Compton electron is similar to a §” particle and is detected similarly. Thus, a
Compton energy spectrum is collected. As this QIP is based on the spectrum obtained from
an external standard, it is independent of sample activity and is therefore suitable for low
activity samples. Originally the external standard method of quench correction was affected
by different vial thicknesses, which introduced a degree of uncertainly into quench

measurements. Nowadays, the Compton energy spectrum is manipulated mathematically to
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compensate for the effect of vial types and the main instrument manufacturers use different

mathematical techniques to derive a QIP from the external standard method.

The external standard QIP used by Wallac Oy is based on the spectrum obtained from a '*’Eu
source and is called the spectral quench parameter of the external standard, abbreviated to
SPQ(E). Beckman Instruments utilise *’Cs as the external standard and base their quench
determination on the Horrocks number (H#) (Horrocks, 1976). Packard Instruments
external standard QIP is called the transformed spectral index of the external standard (tSIE)
(De Filipis and Van Cauter, 1985) and is based on a '**Ba source. The instruments used in
this research are Packard LS spectrometers and the QIP was the tSIE. This has a scale of
0 to 1000 units, where 1000 representing a completely unquenched sample while 0 would

signify no light output (i.e. opaque).

All these QIPs use quench curves to determine the counting efficiency. A series of quenched
standards, comprising of a number of vials with the same sample activity but quenched to
different degrees is counted, allowing the counting efficiency for each standard to be derived
and plotted against QIP. This allows the counting efficiency to be calculated for a range of

quench conditions and allows count rates to be converted into activities.

1.3.5 o/B LSS
Modern LS spectrometers are now capable of simultaneous a and 3 measurements in the

same sample. In conventional LS spectrometers there is significant spectral overlap between
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o and B/y spectra. This makes determination of o emitters difficult due to the interference
of B/y spectrum and high background count rates. Thorngate et al. (1974) applied PSA to
the measurement of **Pu. Background count rates of 1 cpm were reduced to 0.01 cpm by
applying PSA. McKlveen and Johnson (1975) were able to discriminated between *°Sr(*®Y)
and *°Po spectrum using a single PMT and PSA. Much of the research into PSA was
carried out by McDowell and co-workers and forms the basis of the PERALS system
(McDowell and McDowell, 1991). As discussed in earlier sections, the way in which o and
BB events interact with the cocktail are different. Fundamentally, this is due to the higher
specific ionization of a events compared to 3 events. The pulse shape of o events is longer
than f events, and in the same way as PSA can be used to differentiate between true events
and background, PSA can accurately discriminate between pulse produced by o and 3 events
by analysis the pulse lengths (Oikari et al., 1987). There are several ways in which o and
B pulses can be separated by LS spectrometers but they are all based on the different pulse
shapes obtained from the PMT’s. Pates et al. (1995) utilised o/ LSS in a study of
34Th/?*U disequilibrium in the marine water column. This application allowed simultaneous

determination of the B~ emitting 2*Th and an o emitting *°Th yield tracer.

State of the art LSS offers the analyst a unique instrument capable of measuring o, § and y
activity in samples with very low activity. Compared to more conventional counting
techniques such as o spectrometry and gas proportional counting (GPC) it offers shorter

counting times due to the increased counting efficiencies. Although the resolution of o
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events is not as sharp as a spectrometry it is better than GPC. Interms of f analysis it does
not suffer from sample self adsorption and allows even low energy nuclides such as *H to be
accurately measured. The remainder of this thesis will now focus on a novel and time
efficient method developed to determine the natural decay series radionuclides *'°Pb, 2°Bi

and *'°Po in the marine water column using LSS.

14 Aims
The primary aim of this research is to develop a more time efficient method for the

measurement of the NDS radionuclides 2'°Pb and ?'°Po in aquatic matrices using LSS.

The method will then be applied in a study of nearshore marine scavenging processes. This
will provide information on the rates of particle removal and biological production in a highly
dynamic coastal region. In these environmental settings the rates of removal are thought to
be fast but there is still a paucity of data on 2*°Po/?'°Pb disequilibria. Therefore, a more time
efficient method of *°Po/?'°Pb disequilibrium is highly attractive as it will allow results to be
obtained faster than currently available and reduce the time required for counting which will

allow more samples to be processed.

Finally, the possibility of a simultaneous measurement of '°Bi will also be investigated. If

successful, this will allow processes occurring on shorter timescales to be examined and will

also provide data on the biogeochemical cycling of ?'°Bi in the marine environment.
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2.1.1 Current methodologies

The aim of this work has been to develop a more accurate and time efficient method for the
determination of the NDS radionuclides 2'°Pb, 2'°Bi and ?!°Po in marine waters. At the
outset, only *°Pb and *°Po were to be measured but during the course of this research it was
realized that *'°Bi determination could also be carried out. The current methods examined
all have their own individual advantages and disadvantages. There is, however, a framework
which is common to all of these methods. Firstly, there is an initial pre-concentration of the
nuclides, the samples then undergo a variable number of purification stages and finally there

is the method of measurement (Fig. 2.2).

Sample

v

r Pre-concentration |

v
| Purification |

v

l Counting of nuclides ,

Figure 2.2:  General framework for radiochemical analysis of environmental samples.

This framework is required because, firstly, the activities of *'°Pb, 2'°Bi and ?*°Po present
in seawater are extremely low and pre-concentration is required to allow large sample
volumes to be processed. Purification is required to remove any radionuclides (NDS or

anthropogenic) which may interfere with counting procedures. Purification can also remove
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Direct measurement of the 46.5 keV y photons of 2'°Pb can be accomplished using an N-type
HPGe y photon detector with a thin beryllium or carbon-epoxy thin window. The difficulty
in this technique is that large activities of ’°Pb are needed because of its low absolute
intensity of the 46.5 keV y photon (~4 % intensity) and the intrinsically low counting
efficiency of HPGe detectors. Calibration of y photon detectors for low energy y photons
is more complicated than measurement of high energy y photons due to problems of self-
absorption of low energy y photons by the sample itself. To overcome this problem the
sample must be in as small a counting geometry as possible. Obviously this prohibits direct
counting of large volume water samples such as seawater. The counting efficiency is often
as low as 0.5 % (Section 2.9.2.1) and would require the use of extremely low background

counters combined with long count times for the low activities observed in seawater (0.48 -

2.35 mBq I'") (Nozaki et al., 1998).

The main method employed for the determination of >'°Pb in marine samples is by measuring
2P via its grand-daughter, #°Po. In sediments, it is often assumed that *°Po and *'°Pb are
in equilibrium, and the activity of >'°Pb can be estimated from that of its grand-daughter,
21%p¢ (e.g. Sanchez-Cabeza et al., 1999). In the upper water column, equilibrium is rarely
achieved and a separate determination of °Pb is required. After aninitial pre-concentration,
2% is plated from the solution by spontaneous deposition onto silver foils, the plating
solution containing the original *°Pb is then stored. During this storage period the second

generation of °Po will be produced from the decay of *°Pb (Fig. 2.4).
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will be discussed in detail in Section 2.4. There are some obvious disadvantages to this

general procedure:

1.

The large time lag between the initial plating and the second plating, which is
necessary for sufficient °Po ingrowth (t,, = 138.378 d). Some workers leave their
plating solutions only a few months (Thomson ef al., 1993b; Bacon ef al., 1976,
Shannon and Orren, 1970), while others, including Tanaka et al. (1983), Nozaki et
al. (1997) and Wei and Murray (1994) allow more than one year of ingrowth before

replating. The ingrowth of supported 2°Po from *'°Pb is illustrated in Figure 2.4.

The initial polonium plating is not always 100 % efficient, which will cause an under-
estimation in the 2'°Pb activity resulting from un-plated Po remaining in solution after
this initial plating. To rectify this problem requires either an anion exchange
procedure to separate *°Pb from its daughters (Joshi and Ku, 1979, Benninger,
1978) or necessitates storage of the sample with silver for a short period to remove
the last traces of >°Po before starting the ingrowth period (Benoit and Hemmond,

1987, Schell, 1977).

219Bj can also partially plate onto silver foils (Section 2.4.2.1) and the ingrowth of
21%Po from the decay of 'Bi can introduce a significant error if counting times are

long. Furthermore, *'°Bi cannot be determined separately.

The plated *'°Po is counted by a. spectroscopy. Although the o counting efficiency
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of 2%Po is greater than the y photon counting efficiency of #°Pb (20 % cf. 0.5 %),
the samples have to be counted for long periods of time (up to two weeks) due to

the very low activities present in seawater.

The logical progression of this method is to indirectly measure **°Pb by the ingrowth of its
daughter *'°Bi (t ,,= 5.013 days). Figure 2.5 displays the ingrowth of *'°Bi after purification
of %Pb. After 30 days, *'°Bi has reached equilibrium with its parent. The measurement of
219ph via *°Bj is not as common as the *'°Po ingrowth method but is sometimes applied in
the marine system (Craig et al., 1973; Chung and Craig, 1983). Pb is purified by ion
exchange techniques, precipitated as Pb(SO,), stored for 1 month then analysed for the f3"-
emitting daughter >°Bi. The high energy B~ emission of '°Bi is relatively easy to detect and
its short half life makes the wait for ingrowth faster than the *°Po ingrowth method.
Furthermore, it may also allow a faster sample throughput as some GPC systems can count
multiple samples during one run. However, measurement of *'°Bi ingrowth by GPC
produces backgrounds that are higher than those obtained with o spectrometry, resulting in
poorer detection limits (Holtzman, 1987). Joshi and Ku (1979) recommend a further
purification of the Pb(SQO,) precipitate to remove any contaminants adsorbed onto the
Pb(S0,) crystals but this procedure has not been regularly applied. Nozaki et al. (1976)
show the inter-comparison of the !°Po (Yale) and *'°Bi (Scripps Institute) derived *'°Pb data
from the GEOSECS program to yield similar values within analytical error. The " counting
efficiency by GPC is usually around 30 % (the same nuclide counted by LSS offers close to

100% counting efficiency).
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Packard 3170 TR/SL although there were no changes to the actual instrumentation. Unless
stated otherwise, all counting was carried out on the 3170 TR/SL using NCM for a 100
minutes count time in 20 ml low K borosilicate glass vials after allowing the samples to sit
in the counter for at least one hour. Background vials were always made using the same
acid molarity and acid/cocktail ratio and counted with the samples. Spectral analysis was

carried out using the SpectraWorks software package (Packard).
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2.2  Pre-concentration of Natural Decay Series nuclides

The dissolved activities of 2'°Pb, 2°Bi and ?'°Po found in seawater are too low to be
measured directly. Virtually every method for analysis of the dissolved *'°Pb and *°Po
activities in aquatic samples requires a pre-concentration stage. Pre-concentration reduces
the sample volume and may also be used to remove interferences from major ions present
inthe original sample. There are several common techniques available for pre-concentration

of 2%Pb, 2°Po and other NDS nuclides, which are discussed below.

Direct analysis of ®Po has been carried out by Othman et al. (1994) who plated *'°Po
directly from a 1 litre sample of filtered seawater. a spectrometry is sufficiently sensitive to
detect *'°Po plated without concentration of the sample, but long count times are required
to achieve suitable measurement precision and it is more usual to employ significantly

greater volumes. No detection limits or count times are quoted in the paper.

2.2.1 Evaporation techniques

The most obvious way of volume reduction of aquatic samples is by evaporation of the
sample on a hot-plate. Swarzenski ef al. (1999) used an evaporation technique on 10 litre
water samples from the Framvaren fjord. The procedure was carried out at 60 °C under an
array of heat lamps to prevent any volatilisation of Po and in a clean room to minimise any
contamination from °Pb produced from *Rn in the laboratory. The solution was
evaporated close to dryness and Po isotopes (**°Po and a **Po tracer) were spontaneously

deposited onto silver foil. The *%Pb activity was determined by storing the plating solution
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for 8 months and re-plating the second generation of 2°Po as a measure of !°Pb. Clearly,
this technique is time consuming and requires large clean room facilities to carry out the

evaporation, especially if multiple samples are being analysed.

This technique does allow determination of *'°Pb and *°Po in marine samples without the
need for a chemical concentration stage but highlights the difficulty in the evaporation
technique. Direct measurement of !°Pb by evaporation of marine water samples is hindered
by the mass of salts in the sample. Typically, 10 litres of seawater will produce around 350
grams of salts but the self-absorption of the 2°Pb y emissions by these salts presents a
considerable difficulty for its measurement by y spectrometry. Evaporation was not chosen
for this method due to the length of time required for evaporation, the presence of a large

mass of salts and the large clean room facilities that would be required.

2.2.2 Pre-concentration by organic extraction

Shannon and Orren (1970) developed a method for the concentration of 2°Pb and *'°Po from
seawater by APDC-MIBK (ammonium pyrrolidine dithiocarbamate - methyl isobutyl ketone)
solvent extraction. 4 % w/v APDC was added to a 1.5 litre sample of acidified seawater and
the solution was mixed for 5 minutes. Then 75 ml of MIBK were added and the APDC
(together with complexed *'°Pb and ?°Pb) was extracted into the organic phase. The
organic phase was separated, oxidised and evaporated close to dryness on a hot-plate. The
residue was dissolved in HCl and Po was plated onto silver foils using the standard technique

of Flynn (1968). ?°Pb was determined by *'°Po ingrowth (Section 2.1). The disadvantage
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of this method is that solvent extraction techniques are not suitable for large sample
volumes. In addition, Shannon and Orren (1970) reported that MIBK is slightly soluble in
the aqueous sample and as a result, not all the APDC complex is removed into the organic
phase. They also reported some problems with the phase separation. Despite the problems
in this method, recoveries of *°Po and *'°Pb added as spikes were 92 % and 85 %,

respectively.

Boyle and Edmund (1975) refined this method for the concentration of trace metals using
an APDC chelate co-precipitation. If an excess of a transition metal is added to a sample
containing APDC it will result in precipitation of a metal-APDC. At very low metal
concentrations, APDC forms a colloid in water (which was extracted by MIBK by Shannon
and Orren, 1970). Ifthe metal concentration is sufficiently high, a metal chelate precipitate
forms. The precipitation is non-selective because the scavenged metals are shielded by the
APDC and, thus, any metals present in the sample will be precipitated. By adding an excess
of Co®, they reported high yields (> 90 %) of co-precipitated metals. The Co-APDC
precipitate can be collected by filtration and the APDC chelate oxidised. Baconezal. (1976)
used this technique to pre-concentrate dissolved 2'°Pb and 2!°Po from seawater. Again, '°Pb
is determined via the ingrowth of *°Po in the original plating solution. This technique has
been applied in oceanic samples (Fleer and Bacon, 1984), brackish waters (Young, 1996)

and non-saline (lake and river) water (Benoit and Hemmond, 1987).
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2.2.2.1 Trial pre-concentration using Co-APDC

An experiment was carried out to assess the Co-APDC co-precipitation technique on an
artificial seawater sample using the method of Fleer and Bacon (1984). The artificial
seawater comprised 20 litres of reverse osmosis water with 70 g NaCl (equivalent to 35 %o
salinity), spiked with *'°Pb (with ?'°Bi and *°Po in equilibrium) and left overnight. The
following day, 1.0 g APDC (equivalent to 50 mg I'*) was added, and co-precipitated with
0.042 grams CoCl, (equivalent to 0.5 mg Co I""). The green precipitate was collected by
filtration through 0.22 um membrane filters and the filtrate reserved for a second experiment

(see below).

Fleer and Bacon (1984) oxidised the filters in a solution of 15 M HNO,; and 12 M HCIO, but
the use of HCIO, is prohibited in our laboratory. Instead, the filter and precipitate were re-
fluxed overnight with a mixture of 15 M HNO, and 12 M HCI. Problems arise when the
solution is brought close to dryness as an explosive reaction can (and did) occur due to the
incomplete oxidation of the cellulose nitrate filter. The volatility of Po has been previously
reported (Bagnall, 1957) and heating the sample duﬁng oxidation with acid can lead to
losses of Po by volatilisation. The solution was eventually re-dissolved in 2M HCl and
transferred to a scintillation vial where it was again taken to dryness. The residue was
dissolved in 1 ml 0.1 M HCl and 4 ml 7 M H;PO,. 2 ml of POLEX extractive scintillator
were added. POLEX is a specialised organic LS cocktail that was used to extract *°Bi and
2%¢ from a HCI/H,PO, aqueous phase into an organic phase which is also a LS cocktail

(discussed in detail in Section 2.3). Once the separation was complete the POLEX fraction
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Disadvantages of Co-APDC
1. The method requires the destruction of the filter paper to allow the Co-APDC
precipitate to be oxidised. Oxidation without HCIO, is a time consuming process.

Furthermore, there is a risk of explosion which may volatilise >°Po.

2. The Co-APDC is difficult to remove from the sample containers and the filtering
apparatus. This could lead to lower chemical recoveries and cross-contamination

of samples.

2.2.3 Pre-concentration using inorganic scavengers

It was decided to investigate other pre-concentration techniques that might be more suitable
for 21°Pb, 2%Bi and *°Po determination. Inorganic precipitation has also been utilised to
“scavenge” dissolved metals from solution into a precipitate. Mn impregnated cartridges
have been used to concentrate dissolved NDS nuclides from seawater. Moore (1976)
impregnated acrylic fibres with MnQO, and used the technique to pre-concentrate Ra and Th
isotopes from 1000 litre seawater samples. Wei and Murray (1994) used this technique to
determine the behaviour of 2'°Pb and #°Po in the Black Sea, however, Thomson ef al.
(1993b) reported that MnO, absorber columns have a poor efficiency for 2°Pb. With two
MnQ, columns in series, the second column should act as a guard column which allows the
extraction efficiency of the first column to be calculated. However, they found that the
second column occasionally contained a higher activity than the first column, meaning that

it was impossible to quantify losses. Pates (1995) found a similar failing with MnO,
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cartridges and called their validity into question.

Co-precipitation of NDS radionuclides has also been achieved using Mn, which is
precipitated as MnOH, when the pH of the solution is raised by the addition of 18 M
NH,OH. Bojanowski et al. (1983), Skwarzec (1997), Carvalho (1997) and Peck and Smith
(2000) all report success with this technique. Peck and Smith (2000) report Pb and Bi
recoveries of 97 £ 4 % and 90.3 + 3.4 % respectively. Another co-precipitation reaction
was used by Wu and Boyle (1997), in a study of Pb concentrations in the ocean, where they

used Mg(OH), to co-precipitate Pb.

2.23.1 Pre-concentration with Fe(OH),

Fe(OH), has been used to pre-concentrate a range of NDS nuclides from seawater, including
38U, B4Th, '°Pb and 2°Po (Kim et al., 1999) and has also been applied in methods involving
LSS (Pates et al., 1996). In this technique, an Fe** carrier solution is added to the sample.
The pH is raised by addition of NH,OH, causing an Fe(OH), precipitate to form. Because
the Fe** is added in excess to other dissolved metals it can co-precipitate other metals from
solution. This technique has been applied in both radiochemical and non-radiochemical
analysis. A review of applications of the Fe(OH), precipitation technique can be found in

Crompton (1993).

The Fe(OH), precipitation has been used to co-precipitate 2°Pb and *'°Po in a wide variety

of aquatic matrices. Sarin ef al. (1992), Benninger (1978), Craig et al. (1973), Nozaki et
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al. (1998) and many other workers have successfully applied it to seawater analysis.

Hussain and Krishnaswami (1980, 1982), Church et al. (1994) and Harada etal. (1989) have
applied the technique to groundwater. In a study of Florida ground water, Harada et al.

(1989) found differences between the “Fe(OH),-scavengeable °Po” and “total !°Po.” They
found between 30 and 80 % of the natural *'°Po failed to co-precipitate with the Fe(OH);.

It may be that the chemical and geochemical conditions in the aquifer caused *°Po to be in
a form that was not able to co-precipitate with the iron. Harada et al. (1989) suggest that
this may be a result of the high sulphide concentration (> 10 uM H,S ), the low pH (< pH
5) or simply a result of the very high 2'°Po levels reported in that aquifer (~17 Bq1*). This
study suggested that Fe(OH), precipitation may not be suitable for some groundwater
samples. Chakravarty and Van Grieken (1982) examined the co-precipitation behaviour of
Fe(OH), and Pb in a range of water types to examine the effect of the sample matrix on the
overall recovery. They observed 100 % recovery in bi-distilled water, 3 % NaCl and North
Sea water, which indicates the Fe(OH), scavenging efficiency not influenced by the sample

matrix.

The Fe** carrier was prepared using the method of Pates (1995) to remove any U or Th
contamination. 11 g of analytical grade Fe(NO,);.9H,0 were dissolved in 50 ml 9 M HCl
with gentle heating. Fe** was then extracted into 3 successive 50 ml aliquots of di-isopropyl
ether (DIPE). The aqueous phase was discarded and Fe** was back-extracted into 150 ml
of 1.2 M HCI. This creates an Fe** carrier solution of around 10 mg ml" which can be

stored without the risk of hydrolysis due to the acidification in 1.2 M HCI. Pates (1995)

75



suggests that the Fe** concentration in the sample should be around 10 mg I"' to achieve
optimum co-precipitation yields for Th. Thus, for a 20 litre sample, 20 ml of the Fe**

solution were added.

The precipitation of Fe** as Fe(OH), is achieved by adding sufficient 18 M NH,OH to raise
the pH of the solution to pH 9. Various Fe** concentrations, equilibration times and
precipitation pH values can be found in the literature. Chakravarty and Van Grieken (1982)
examined the pH dependence of Mn, Ni, Cu, Zn and Pb co-precipitation with Fe(OH), from
a 10 mg I Fe solution. With the exception of Mn, a pH of 9 gave the optimum recovery
(Pb was fully precipitated at pH 6). Sarin ef al. (1992) also used a pH value of 9 for co-
precipitation of U, Th, Pb and Po. Harada ez al. (1989) used a pH value of 8 when
measuring *'°Pb, #°Bi and #°Po. A pH value of 9 was chosen for this work as it will allow
full precipitation of >°Pb, '°Bi and *'°Po. Iftoo high a pH value is reached, Ca and Mg may
co-precipitate, and interfere with the subsequent chemistry. Table 2.1 illustrates the various
Fe** concentrations, spike equilibration times and Fe(OH), equilibration times found in the
literature. Chung ef al. (1983) found that Pb spike equilibration times had no discernable
effect on the Pb recovery. Therefore, the procedure for this study was based on speed of
sample processing. The concentration of Fe** carrier that was employed is higher than
several other methods where 2*Th measurements were also carried out (Sarin et al., 1992;
Harada et al., 1983; Kim ef al., 1999). Lower Fe** concentrations were used in these
experiments to minimise 2*U co-precipitation and consequently minimise the activity of 2*Th

resulting from decay of 2*U.
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Sample Fe* Spike pHfor  Equilibration|
Author Volume concentration equilibration precipitation time
Kim et al (1999) 201 3.5mgl! 3 hours 8 4 -5 hours
Wei and Murray (1994) 181 28mgl! 12 hours 8 *
Craig et al (1973) 201 10 mg1?! * * *
Sarin et al (1992) 251 2.8 mgl! 3 hours 7 3 hours
Harada ef al (1989) 41 5mgl’ * 8 *
Tanaka et al (1983) 501 2mgl! 6 hours * *
Chung and Craig (1983) 201 15 mg 36 hours 8.5 *
This study 201 10 mg 1" 12 hours 9 2 hours
Table 2.1: Various Fe** concentrations, spike equilibration and Fe(OH),
equilibration times found in the literature and in this study (* = not
reported).
2.23.2 Trial pre-concentration with Fe(OH),

A 20 litre seawater sample was filtered through 0.22 um cellulose nitrate filters. The filtrate
was acidified to pH 2 with 15 M HNO,. 20 ml of Fe** carrier (10 mg ml™ Fe**) and '°Pb
were added and the sample was shaken and left for 12 hours to allow the spike and Fe**
carrier to equilibrate with the sample (Benninger, 1978). After this time, approximately 50
ml of 18 M NH,OH were added to raise the pH to 9. The sample was shaken vigorously for
2 minutes and the solution was bubbled with air for 20 minutes to ensure that full
precipitation and thus maximum scavenging efficiency were achieved. The sample was then

left for two hours to allow the precipitate to fully form and settle out.

The filtering apparatus used in this work changed throughout the research as larger diameter
filtering apparatus became available. Much of the initial work had to be carried out using
47 mm diameter filters (0.22 ym pore size). This resulted in filtering operations taking close
to five days and hence it was time efficient to store the precipitate for at least one day to
allow settling of the precipitate. A floating filtering apparatus was designed to allow the
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The big advantage of this technique over the Co-APDC method is the ease of removal of the
Fe(OH), precipitate from the filter paper and apparatus, as Fe(OH), is easily dissolved in
dilute HC1. A range of different HCl molarities were examined. Although the HCI molarity
had no effect on the removal of the precipitate, it was found that washing the paper with
stronger than 6 M HCI began to degrade the filter papers. This had implications for the
subsequent separation chemistry and several samples were found to contain a white colloidal
material. However, to use large volumes of weaker HCl to dissolve the Fe(OH)j is also not
ideal as it leaves a much larger sample to be processed. To overcome both of these
problems, the large cellulose nitrate filters were simply placed in the base of large
evaporating dishes and 10 ml of 2 M HCI were added. The acid was swirled around,
allowing contact with all the precipitate. Once the majority of the precipitate was dissolved,
the filter paper was removed with tweezers and further washed into the basin with 2 M HCI
until the yellow colouration was no longer visible on the filter. In this way, the Fe(OH),
precipitate could be re-dissolved without dissolving any of the filter paper. This is an
important time saving as the sample requires less oxidation if there is no cellulose nitrate
present to destroy. This is especially important when short half life nuclides are being

determined.

The recoveries of 2°Pb, 2°Bi and '°Po using the Fe(OH), technique are somewhat variable.

Table 2.2 shows the recoveries of samples collected from the Irish Sea.
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Sample 21'Ph % recovery 2Py % recovery
IS1 395+£5.0% 524+4.7%
IS2 669+34% 492+3.8%
IS3 76.5+£3.0% 563+28%
IS4 49.7+3.8% 359+2.1%
ISS 51.7+41% 641+21%
IS6 788+3.6% 423+4.1%
IS7 76.3+44% 53.1+1.7%
Table 2.2. ;{:(c(c))i/le)ries of 2%Pb and *'°Bi from 20 litre seawater samples scavenged with
5

Previous experiments are ignored as much of the variability resulted from other factors (ion
exchange problems, POLEX problems etc). There were some disadvantages to the Fe(OH),
precipitation technique. Namely, the variable yield highlighted the need for chemical yield
tracers in this methodology. Also, if Fe** is not removed from the sample, it will have a
quenching effect in the LS cocktail (Section 1.3). The advantages of this technique lie in the
ease of dissolution of the Fe(OH), precipitate. It can be easily removed from the filter
without the need for lengthy oxidation of the cellulose nitrate filters. This allows the sample
to be processed quicky and decreases the losses by volatilisation. The filtering equipment
and sample containers are easily cleaned in a weak acid solution which minimises sample
cross-contamination. The precipitate can be washed to remove any co-precipitated salts
from the sample which may interfere with the subsequent chemistry. Finally, it is a simple
and inexpensive technique suitable for many sample matrices. For these reasons Fe(OH),

was chosen as the method of pre-concentration.
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Without the time constraints of this project it would have been beneficial to examine the
Mn(OH), and Mg(OH), scavenging techniques. The advantage of the Mg(OH), method for
Pb scavenging is that a divalent scavenging ion has more likelihood of scavenging a larger

percentage of dissolved Pb than with Fe**.
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2.3  Extractive scintillators

One method for the separation and measurement of polonium uses an extractive scintillator.
An extractive scintillator is a specialized scintillation cocktail that contains both a selective
extraction agent and the solvent and fluors necessary for the radioactive decay to be detected

by the PMTs in the LS spectrometer.

Extractive scintillators were developed in the 1970s by McDowell and co-workers
(McDowell and Coleman, 1974, McDowell et al., 1980) to determine a range of a emitting
nuclides in the PERALS (Photon/Electron Rejecting Alpha Liquid Scintillation)
spectrometer. The PERALS spectrometer has a single PMT and uses pulse shape analysis
to separate o from B/y induced pulses (Thorngate et al., 1974). The system was developed
to obtain the best a/c resolution, and the rejection of B/y induced pulses makes PERALS
unsuitable for B spectrometry. This discrimination allows very low o activity to be
determined without interference from B/y induced pulses which would otherwise underlie
the o spectrum. In addition to their selectivity, extractive scintillators also reduce the
amount of quenching and the background count rate in a sample since almost nothing is
transferred into the scintillator except the analyte nuclide. Quenching agents, such as acids
and salts, remain in the aqueous phase, and therefore the o resolution is maximised.
Furthermore, the samples are de-oxygenated with a dry, oxygen free gas, which further
improves the energy resolution by removing any oxygen dissolved in the scintillator, and the
associated quenching effect. There now exists a range of extractive scintillators for the

commonly analysed o emitters (Table 2.3). Although the extractants are different, the same
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chemical principals hold for all the extractive scintillators.

ISE:it;:ifl:::r Elements extracted
ALPHAEX| Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf]
Es, Fm, Md and No.
Does not extract Ra
URAEX Selectively extracts uranium.
THOREX Extracts thorium and uranium.
POLEX Selectively extracts polonium.
RADEX Selectively extracts radium
RADONS Selectively extracts radon from
water and aqueous solutions
STRONEX Strontium selectivity

Table 2.3: The range of commercially available extractive scintillators and the
elements they can extract.

The use of extractive scintillators combined with the PERALS system has been applied to
a number of transuranic elements in range of sample matrices, from waste material from the
phosphate industry to low level environmental studies. The studies include: U on cellulose
air filters (McDowell and Case, 1986), gross o activity in environmental materials
(McDowell, 1986), U and Th in phosphate materials by sequential extraction into URAEX
followed by THOREX (McDowell et al., 1980); Pu on filters and smears (Shaw, 1991);,
226Ra in groundwater and ocean water samples (Burnett and Tai, 1992); and Po in U tailings
(Case and McDowell, 1982). However, extractive scintillators are not limited to use in
PERALS spectrometry (o/ao LSS). They have also been applied in standard o/ LSS
(Dazhu et al., 1991; Kaihola and Oikari, 1991; Mobius et al., 1993), which is also able to
differentiate o from B~ events and therefore reduce the effect of co-extracted 37s on the o
background. Combining o/ff LSS with extractive scintillators is becoming increasingly
important as it allows determination of any co-extracted ~ or y emitters in the sample.

83



Although, unlike the PERALS spectrometer, resolution of individual o peaks is much more

limited.

2.3.1 Polonium specific extractive scintillators

The extractive scintillator, POLEX is, as the name suggests, a polonium specific extractive
scintillator. The extractive scintillator is composed of 77 g I"' trioctylphosphine oxide
(TOPO), 180 g I scintillation grade naphthalene and 4 g 1" 2-(4"-biphenylyl)-6-
phenylbenzoxazole (PBBQO) dissolved in toluene. The extractive agent, TOPO, is an
excellent extractant for Po in hydrochloric media (White and Ross, 1961). 100 % polonium
extraction is easily obtained and a distribution co-efficient of over 1000 can be obtained
(representing partitioning into the organic phase) (Case and McDowell, 1982). Po is
extracted from a matrix of H;PO, and HCl. In this matrix Po can be extracted as

PoCl,.2(TOPO) into the scintillation cocktail.

Case and McDowell (1982) successfully applied this method to the determination of *°Po
in ores, mill tailings and environmental samples. By extraction from an aqueous solution of
7.4 MH;PO, - 0.01 M HCl into POLEX it was possible to obtain a detection limit of 0.141
mBq using PERALS spectrometry. In HCl solutions, Bi can also be extracted by TOPO and
this makes it necessary to count the samples within 8 hours of extraction to prevent any
significant ingrowth of *Po from its parent *’Bi. Momoshima et al. (1994) used the
extraction properties of TOPO to determine °Bi and '°Po on pine needles. The co-

extraction of Bi** (B -emitter) with Po*" (o-emitter) was utilised by Wallner (1997) and
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Wallner and Irlweck (1997) who combined the extractive scintillator, POLEX, witho/B LSS
to simultaneously determine *°Pb and **Pb progenies in aerosol samples. POLEX extracts
*1°Bj and *'°Po into the organic phase while *°Pb remains entirely in the aqueous phase.
After an initial extraction of Bi and Po, the sample is stored for two weeks and the
extraction is performed again. This time the scintillator only contains 2'°Bi, which has been
produced from the decay of 2'°Pb that remained in the aqueous phase. The ingrowth of °Bi
is then used to determine the '°Pb activity in the sample. The methods employed by Case
and McDowell (1982), Wallner (1997) and Wallner and Irlweck (1997) were tracer free

methods because of the high levels of reproducibility that were achieved.

The use of extractive scintillators in the development of this method was beginning to look
favourable, because the method did not necessarily have to provide absolute activities. In
marine disequilibrium studies, it is the ratio of daughter/parent that is important and not the
actual activity. Extractive scintillators offered a fast, highly reproducible method, which

would reduce the time of analysis from over six months to around two weeks.

2.3.2 Experiments with extractive scintillators

2.3.2.1 Choice of vials and purging

Two issues had to be addressed before attempting to extract »°Bi and *'°Po into POLEX:
(1) What is the best method to count a 1 ml aliquot of POLEX?

(11) Is purging to remove O, suitable for samples counted by o/ LSS?
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The effect of purging the extractive scintillator was examined in conjunction with an
examination of the best vial types to use. Three vial types were chosen:

1. a 2 ml low potassium borosilicate glass vial placed in a 7 ml plastic vial (Packard)

2. a 7 ml plastic vial (Packard).

3. a 7 ml low potassium borosilicate glass vial (Packard).

A 1 ml aliquot of POLEX (no spikes or extraction) was pipetted into each vial type in
triplicate. The vials were counted fifteen times for 1 minute on a Packard 2770 TR/SL LS
spectrometer. The same vials were then purged for two minutes with nitrogen gas and
capped as quickly as possible. The vials were then recounted under the same conditions to
examine the effect of purging on the quenching of each sample in the three vial types by
examining the tSIE factor. The 15 tSIE factor for each vial were averaged and the data for

purged and unpurged vials are presented in Table 2.4.

Replicate 1{SD 1 Replicate 2| SD2 [Replicate 3| SD3
Type 1 |unpurged | 809.1 [16.31]| 809.0 |[11.98 | 802.1 12.36
Type 2 |unpurged | 802.1 [12.36]| 792.6 |15.02 | 809.3 |13.90
Type 3 |unpurged | 731.6 |[11.08]| 742.6 8.25 745.9 7.05

Type 1 |N, purged| 946.8 P7.43| 997.3 [17.47 | 997.7 |11.87
Type 2 |N, purged| 959.6 [15.18] 996.5 [16.80 | 984.5 |16.72
Type 3 [N, purged| 897.3 [7.51 | 897.8 |7.38 | 900.0 | 6.32

Table 2.4: The effect of vial choice and N, purging on the tSIE values obtained from 1
ml aliquots of neat POLEX counted on a Packard 2770 TR/SL. Three vial
types were investigated (all Packard). Type 1. a 2 ml low potassium
borosilicate glass vial placed inside a 7 ml plastic vials. Type 2: a 7 ml
plastic vials. Type 3: a 7 ml low potassium borosilicate vial. Each vial type
was measured in triplicate and counted 15 times each. The results for each
vial type were averaged and the standard deviation calculated.
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Clearly, the tSIE factors afterN, purging show a reduction in quenching (higher tSIE) than
unpurged samples for all vial types, due to the removal of O, from the cocktail. The average
tSIEs of glass vials were lower than for the plastic vials, but the difference in counting
efficiency between plastic and glass vials resulting from slightly lower tSIE values would be
small. The variation in tSIE over the 15 measurements was also examined. The variation
in purged wvials is larger for plastic vials, suggesting that the closure mechanism is not as
effective as that of the glass vials. The 7 ml glass vials showed the least variability in both
unpurged and purged samples and it was decided to use these for future work. If o/ LSS
is to be carried out on a !°Bi/'°Po mixture, variable quench would affect the o/B separation

(Pates et al., 1998), therefore, the vials which offer the most stable tSIE values are required.

2.3.2.2 Extraction of *'Bi and*"’Po

Next, the extraction of '°Bi and *'°Po into the extractive scintillator had to be examined.
Although the extraction of ’°Po is stable over a wide range of HCI molarities, the extraction
of ?'°Bi is dependent on the HCI molarity of the aqueous phase. Two extractions were
performed to examine this effect, one with 0.01 M HCI and the other with 0.1 MHCl. 7M
H,PO, was used for all extractions and *'°Pb activity remained constant (8 Bq). 1 ml of
either 0.1 M or 0.01 M HCI containing the '°Pb spike was mixed with 4 ml of 7 M H,PO,
and 2 ml POLEX were added. This procedure was carried out in triplicate. The vials were
shaken end-over-end for 30 minutes and left to stand a further 20 minutes for complete
phase separation. A 1 ml aliquot of the extractive scintillator was pipetted into a 7 ml glass

scintillation vial. The vial was then placed in a Packard 2770 TR/SL LS spectrometer for
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at least 1 hour prior to counting to allow the sample to cool and any chemiluminescence to
die out and counted on NCM for 100 minutes. Once the count was complete, the extracted
POLEX was then purged for 2 minutes with N, and recounted. A mathematical solution
was used to allow the composite spectra to be examined for *'°Bi and *°Po activity by
manipulating the spectra with the SpectraWorks software package (Packard). Five channels
either side of the 2°Po peak were selected and the counts of *'°Bi either side of the *°Po
peak used to calculate the counts of 2'°Bi underlain by *°Po. The ?'°Po activity could then
be estimated by subtracting the ?°Bi counts from the total counts in that area. 100 %
counting efficiencies were assumed for both ?°Po and *°Bi. Relative recoveries were

calculated for the 1 ml aliquots and the results are presented in Table 2.5.

Unpurged N, purged

Acid type | 2'°Bi extraction 2'°Po extraction | ?'°Bi extraction  *°Po extraction
(%) (%) () (%)
0.0IMHCI] 81£18% 492+18% 92+21% 203+24%
0.1MHCl| 88.4+6.0% 98.3+6.0% 89.7+54% 452 +3.4%
Table 2.5. The mean relative recovery (%) of #°Bi and *'°Po into POLEX using 1 ml
0.1 Mor 0.01 M HCl and 4 ml 7 M H,PO, as the sample matrix. The same
vials were purged with N, and recounted. The relative recovery represents
both chemical recovery and counting efficiency.

The averaged spectra obtained are shown in Figure 2.8. Purging samples with N, prior to
counting removes any dissolved oxygen within the scintillator which can cause quenching.
However, the net effect was a lowering of a counting efficiencies for both HCI molarities.
The removal of dissolved oxygen increases the delayed component on the scintillation pulse.
This longer pulse width results in the rejection of true events as background by the BCC that

must exist in the NCM on the 2770 TR/SL LS spectrometer. This effect is mainly confined
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