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stract
A variety of geochemical tracers, including natural radioactivity, can be used to trace
the source of sediment, moving on hillslopes and in rivers. If the source of sediment is to be
correctly determined, we need to understand the nature of the haterial being traced and why
the parameter being used to 'fingerprint' the sediment varies. Previous studies using
correlations between 2 3 8 ~and 2 3 2 ~decay
h
series nuclides to trace sediment have been
empirically based. This thesis examines the mechanisms which cause variations in the
concentrations and ratios of the decay series nuclides in modern sediments, and develops a
mechanistic framework for the application of decay series nuclides to tracing sediment.
Fluvial transport produces changes in the material being transported both as a fbnction
of sorting (by shape, size and density) and by grain abrasion. Radionuclide concentrations and
ratios have been examined in rocks, and soils fiom nine sites, the effects of grain abrasion and
of sorting soil material by both density and particle-size have been investigated. It is shown
that the different particle-size and density fiactions from soil developed fiom a uniform
ratio, the same ratio as that in the rock from which the
lithology have a constant 230ThIZ32~h
2
3
0
~
h
?
3
ratio
2
~
h
can therefore be used to distinguish between sediments
soil was formed. The
derived fiom different lithologies within a catchment, providing that the lithologies have
distinctive 2 3 0 ~ h / U ratios.
2 ~ h The application of 230ThlU2Thratio to the spatial sourcing of
sediment is demonstrated in the McKeowns Valley catchment, New South Wales.
ratio in soils developed fiom a uniform
In contrast to the uniformity of the 23@Th/U2Th
rock type, the 226~a/U2Th
ratio was found to be variable and in many cases significantly
different to the U/Th ratio in the rock. This variability was due largely to the presence of a
226
Ra excess over "OTh. The effects of processes such as grain abrasion and sorting by particle
size and density on the 2 2 6 W 2 ~ratio
h were shown to be dependent on two factors (i) the
degree to which the 226Raconcentration was in excess of ')OTh and (ii) where, in relation to the
thorium, the 226Raexcess was bound on the particles. Where the 2 2 6 ~and
a "Th were bound
on similar sites on the soil grains and the 226Raexcess over 23@Thvaried throughout a
could be used to distinguish sediments derived
catchment, it was found that the 226Ra/232Th
from different points in the catchment even if it had a uniform lithology, and hence a uniform
230~h/Z32~h
ratio. The application of the 2 2 6 ~ a / U 2ratio
~ h to spatial sourcing problems in a
catchment with a uniform lithology is demonstrated at the Geebung Creek catchment, New
South Wales.
In circumstances where the 2 2 6 ~excess
a
on the soil grains was not held in similar sites
to the "Th, then grain abrasion and sorting (by particle-size and density) were found to
ratios. This suggests that fluvial transport of
produce fractions which had variable 2Z6Ra/U2~h
soil material in which concentrations of 226Raare in excess of " O T ~ concentrations and the
radium and thorium are held in different sites will result in sediments which have a variable
226~a/U2Th
ratio which cannot easily be related back to that of the source. Consequently,
2 ~ his not likely
under circumstances in which these processes are important, the 2 2 6 ~ a / 2 3ratio
to provide a stable 'fingerprint' unless the 226Raexcess is small.
Concentrations of 228Ra(half-life 5.75 years) in excess of 232Thconcentration were
observed in both soils and sediments. It is suggested that this excess is developed on the
hillslope and begins to decay back to equilibrium once the sediment is finally removed fiom
contact with the groundwater. When combined with indicators of sediment source, such as
2 2 6 ~ a / Uand
2 ~ hu 0 ~ h l U 2ratios,
~ h observation of this excess should provide a usefbl new tool
for examining the transport rates and residence times of bedload and suspended load sediments
in streams and lakes on time scale of up to 30 years. An example of the application of the

228

Ra excess to determining sediment residence times is given for the Murmmbidgee arm of
Lake Buninjuck, New South Wales.
In addition to developing a framework for the application of decay series nuclides to
tracing sediment, observations are reported which indicate that significant mobilisation of the
decay series nuclides, including the thorium isotopes, occurs during pedogenesis. Differential
mobilisation of the nuclides, particularly radium and thorium results in disequilibrium in the
~ h indicates that no
soils. However, the similarity of the parent rock and soil " ' O ~ h f ~ ' ratios
differential mobilisation of the thorium isotopes occurs. This implies that either uranium and
thorium are behaving similarly during pedogenesis or that any disequilibrium between 230Th
and 2 3 8 concentrations
~
in the soils is young (<<80,000 years).
The results presented in this thesis provide an understanding of the mechanisms which
h
series nuclides in modem sediments and demonstrate
cause variability in 238Uand 2 3 2 ~decay
the applicability of nuclide ratios to providing information on the spatial distribution of
sediment sources, sediment transport rates and residence times. Radionuclide tracing
techniques offer a significant addition to the methods available for investigating sediment
movement in the landscape. Such methods can provide a better understanding of the source
of sediment, and facilitate more informed decisions concerning catchment management and
the allocation of soil conservation resources.
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Chapter 1: Introduction

Land degradation is a critical environmental issue with significant implications for
agriculture, pastoral and forest production, water quality and water storage. In Australia, the
Murray-Darling Ministerial Council estimated the reduction in annual production due to
land degradation for the Murray-Darling basin alone to be more than A$200 million for the
1987 year. This basin accounts for about half the nation's rural production, which is worth
about A$15000 million annually (1985-86) [Hawtrey, 19871.

If the effects of land

degradation are not reversed, production from our rural lands will continue to decline and
costs will increase. Any measures which successfully reduce sediment movement are likely
to have large long term financial benefits. Decisions on targeting soil conservation works
are from necessity, often made on subjective grounds. A recent survey by New South
Wales Soil Conservation Service found that 70% of the field officers made targeting
decisions based solely on visual observations, and educated guesses (K. Edwardr, pers. corn.
1990). Obviously there is a need for a more objective methods of assessing conservation
targets.
Tracing sediments and associated pollutants to their source offers a direct method of
targeting soil conservation and reparation works. Sediment characteristics such as clay
mineralogy, sediment colour, mineral magnetic properties, lithogenic radionuclide ratios and
major element chemistry have all been used to successfully identify sediment source areas
[Woodr, 1978; Grimhaw and Lewin, 1980; Walling and Cane, 1984; Caitcheon, 1993;
Murray et al., 1993; Olley et al., 19931. However, no one tracer has proved to be universally
applicable. If any confidence is to be placed in the results of a sediment sourcing study then
we need to understand how variations in the 'signal' used to trace the sediment arise.
Studies using correlations between lithogenic radionuclides to characterise sediment sources
have to date been based purely on empirical observations [Meijer et al., 1987,1988; Murray
et al., 1991; Murray et al., 1993; Olley et al., 19931. No explicit investigations into the
mechanism controlling the variability and the constancy of ratios have been undertaken. A
better understanding of the behaviour and distribution of the lithogenic radionuclide and the
mechanisms by which these correlations develop is required. This thesis aims to provide an
understanding of the mechanisms controlling the distribution of

and 2 3 2 ~decay
h
series

2 3 8 ~
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radionuclides (particularly 2 2 6 ~and
a

in soils and sediments. The study develops a

2 3 2 ~ )

model of the distribution and behaviour of lithogenic radionuclides in the erosion cycle based
on observations carried out at a variety of catchment scales ranging from square metres to
hundreds of square kilometres. This model is then used in three site studies to illustrate its
application to the spatial sourcing of sediment.

1.1 Tracing Sediment Using U

8

and
~ U 2 ~Decay
h
Series Radionuclides

The spatial sourcing of sediment involves the measurement of some parameter which
provides a 'fingerprint' by which sediment from one source may be distinguished from
sediment derived from another source. Correlations between nuclides from the

and

2 3 8 ~

232

Th decay series (Fig. l a and lb) have been found to provide distinctive 'fingerprints' for

different source areas. For example Meijer et al., [1987, 19881 determined the origins of
Dutch coastal sands using the 238~/232Th
ratio of the heavy mineral fraction in beach and dune
deposits. Sands with a heavy mineral component UITh activity ratio >1 were considered to
have come from central Europe, those with a ratio of < l were consistent with Scandinavian
sands. Similarly, Kamel and Johnson [l9631 used the radioactivity of the heavy mineral
component of coastal sands to examine sand drift along the Californian coast.

Carpenter et al., [l9841 interpreted the constant 230~h/232Th
ratio in Puget Sound
sediments as suggesting no change in the types of detritus being deposited within the Sound.
The similarity of 230Th/232Th
ratios in feruginous concretions and calcrete from Gilberts
River were used by Short et al., [l9891 to indicate a common detrital component in these two
distinct chemically precipitated phases. A constant 230ThlU2Thratio in the detrital component
is often assumed in the uranium series dating of carbonates [see various authors in Ivanovich

and Harmon, 19921. While observations of uniform

ratios have been widely used

to infer a common or constant source of sedimentary material, application of variations in the
ratio to spatial sourcing of material has only been done in exploration for uranium deposits
[see Levinson et al., 1982 for examples].

Murray et al., [1990, 19911 measured concentrations of 2 2 6 ~and
a 232Thin bulk
sediment samples from a wide variety of terrestrial environments and demonstrated that in
sediments derived from a single source area these radionuclides were linearly correlated and
could be used to distinguish sediments derived from different source areas in which each
(this is discussed further in section 2.1). They
source had a unique 2 2 6 ~toa 232Thc~rrela~tion
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Figure 1.1 b: The 232Thdecay series (after Ivanovich and Harmon, 1992)
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showed that the 2 2 6 ~toa 232Thtracer signal was stable during both transport and storage
following deposition.

There are two published examples of the application of these

correlations to the sourcing of sediment: Olley et al., [l9931 study of a gullied catchment at
the head waters of Whiteheads Creek, NSW; and Mumay et al., [l9931 sourcing of sediment
in the Jenolan caves, NSW.

These are the only reported applications of bulk sample

radionuclide measurements to spatial sourcing of material. These studies were empirically
based and the mechanisms which give rise to the correlations and to the heterogeneity across
the landscape are at this stage poorly understood.

1.2 Thesis Aims and Outline
This study aims to provide an understanding of the behaviour and causes of
variability in

and 2 3 2 ~decay
h
series nuclides concentrations and ratios in modem

2 3 8 ~

sediments.
The thesis is divided into three parts.
environmental behaviour and distribution of

Part I provides a review of the known
and 232Th decay series radionuclides

2 3 8 ~

relevant to their application in the spatial sourcing of sediment, and outlines in more detail
the use of 2 2 6 ~toa 232Thcorrelations in sediment sourcing.

At the end of Part I the

hypotheses to be examined in this thesis are proposed; and the methodology and analytical
methods used to address these hypotheses are described.
Radionuclide data from rock, soil and sediment samples from a wide variety of sites
are presented and discussed in Part II. The effects of weathering, soil formation, fluvial
transport on the radionuclide distributions are examined, and a mechanistic framework for
the environmental behaviour of lithogenic radionuclides is developed.
In Pan 111 the understanding of the environmental behaviour of

and 232Thseries

2 3 8 ~

nuclides gained from the work presented in Parts I and I1 is used to provide information on
the spatial source of sediment in three catchments ranging in scale from 76 ha to 8000 km2.
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Chapter 2:Environmental Behaviour and Distribution of
Lithogenic Radionuclides

To place the work described in this thesis in context, the sediment tracing technique
based on radionuclide correlations [Murray et al., 1991; Olley et al., 1993; Murray et al.,
19931 is described first. Secondly, the phenomena of radioactive decay, secular equilibrium
and the chemistry of uranium, thorium and radium are summarised. Thirdly, the reported
natural distributions and behaviour of' uranium, thorium and radium relevant to the
development of the correlations used in the sediment tracing technique are discussed.

2.1 The Sediment Tracing Technique
This section introduces nuclide ratios, nuclide correlations, and outlines the sediment
tracing technique. Examples of lithogenic radionuclide correlations are presented from a
number of sites to enable an understanding of the empirically observed behaviour of the
lithogenic radionuclides in modern sediments in Australia.

2.1.1 Nuclide ratios
Variations in the concentration of lithogenic radionuclides usually prevent the use of
simple concentration information as a tool in sediment tracing [Mumay et al., 19911. The
probability of overlapping concentrations is generally too high. However, strong correlations
have been observed between many radionuclide concentrations [Murray et al., 19901, and it
has been demonstrated that the use of activity ratios, in particular

226~d32Th
can reduce the

spread (compared with concentration data) often to within analytical uncertainties [Murray et

al., 19911 .

An example is given in Figure 2.1. These data come from a sediment core collected
from the Jenolan caves, NSW. The activity concentrations of 2 2 6 ~and
a 2 3 2 ~both
h vary by
40% (spreadlmean value) down the core.

However, these concentration variations are

reduced to within analytical uncertainties of about 3% when the activity ratios are taken.
Clearly the use of activity ratios reduces the variability, and therefore should increase the
probability of distinguishing sediments from different sources, compared with using the
concentration data alone.
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226

~

a

/ Activity
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h

Figure 2.1: Data from the Jenolan caves area NSW [ after Murray et al., 1991 1. Absolute
concentration of 2 2 6 ~and
a 2 3 2 ~(a),
h and the variation of the 226~a/232Th
ratio (b)
with depth. Analytical uncertainties equivalent to one standard error on the
mean are all smaller than the symbol size.

2.1.2 Nuclide correlations with non-zero intercepts
Constancy in ratio arises from a correlation with neglibile intercept on either the X or
y axis. Other studies have demonstrated that this is not always the case. The data presented
in Table 2.1 come from samples of the Woolgarlo sediment core, taken from the Yass River

arm of the Bumnjuck Dam N.S.W (Murray pers. c o r n 1989). The ratio data for 226~a/232Th
vary by 24%. However, a plot of the 2 2 6 ~and
a 2 3 2 ~concentrations
h
(Fig 2.2) reveals that the
data are well correlated ( ? = 0.98 ). The total spread in the data about the line is less than

6%, well within the analytical uncertainties of 3% (at 1 G), but the line has a non-zero
intercept. This explains the spread in the ratio data.
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Table 2.1: Activity ratios for the bulk sediments from
the Woolgarlo sediment core. (Murray pers.
com -1989)

Figure 2.2: 2 2 6 ~against
a
232Th concentrations for samples from Woolgarlo core, from the
Yass River arm of Lake Bumnjuck, NSW, Australia. The error bars represent
uncertainties equivalent to one standard error on the mean.
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2.1.3 Nuclide correlations distinguishing source areas
If nuclide correlations are to be useful in sediment tracing, different source areas need

to give different correlations. That is, data from the different sources need to lie on lines of
either different slope andlor intercepts. A number of studies conducted at a variety of sites
a 232Thcorrelations [ Murray et a1., 1990, 1991;
have found this is often the case for 2 2 6 ~and
Murray et al., 1993; Olley et al., 1993 1.

2.1.4 Resolving sediment mixtures
The mixing of sediment de!rived from source areas with distinctive 2 2 6 ~and
a 232Th

correlations result in the mixture displaying a 2 2 6 ~and
a 2 3 2 ~correlation
h
which lies between
the two source correlations. By measuring the 2 2 6 ~toa 232Thcorrelation for the two source
areas and the sediment mixture, it is then possible to determine the relative contribution of
the different source areas.
A good example of this technique is presented in a study of the Jenolan caves area
NSW (Fig 2.3) [Murray et al., 1'9931 . These data provide an example of the mixing of
sediments derived from areas with distinctive 226~a/Z3ZTh
correlations. Two linked sediment

Terrace C:reek

Figure 2.3: 2 2 6 ~against
a
232Th concentrations of samples from the Jenolan Caves Area,
NSW, Australia. The error bars represent uncertainties equivalent to one
standard error on the mean in most cases these are smaller than the symbol size
[after Murray et al., 19931 .
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sinks (Sand Passage and Lower Creek) and the two major potential sediment source areas
were sampled Western Ridge (WR) and Jenolan Bindo Dividememace creek (BDRck)

1.

The source area data lies on two distinct lines (Figure 2.3a) and the sources are clearly
distinguishable using the 2 2 6 ~toa232Thcorrelations.

All of the sink data lie on two well defined lines between the two source lines. The
numbers associated with the Lower Creek points (closed circles) in Figure 2.3b indicate
ratio
sample progression from the base of the core to the top. This change i n the 226~a/232Th
through the core was interpreted as a change in the relative contributions from the two source
areas with time. Initially sediment was being derived solely from the BD/Tck area (pt. l),
then a transition occurred (pt. 2) and then WR became the dominant source (pts 3-6);

BD/Tck was still contributing sediment, but less than 15% of the total.

Subsequently,

BD/Tck again became a significant source contributing 60% of the sediment to the sinks (pts

78~8);this was the case at least up to the time of sampling.
Using the correlations between 2 2 6 ~toa2

it was possible to characterize the major

3 2 ~

sources of sediment in the catchment, and to describe the changes in relative contribution
from the two sources with time. This example clearly demonstrates the usefullness of 2 2 6 ~ a
to 232Thcorrelations in sediment tracing studies.

2.1.5 Other radionuclide correlations
The above discussion has focused on the use of correlations between 2 2 6 ~and
a 232~h
in sediment tracing. Only these correlations have been reported in the literature as being
useful in the spatial sourcing of bulk sediment, although Murray et al., [l9911 report
correlations between 2 3 8 ~40K
, and 2 3 2 ~inh transported material. Correlation between these
nuclides may also provide sediment tracing information.
It is also noted that in the examples given by Murray et al., [l9911 there is no
significant disequilibrium between

and 2 2 6 ~ aThis
. suggests that the 2

2 3 8 ~

decay chain is

3 8 ~

a Figure l. la) and that the 2 2 6 ~and
a 232~h
in secular equilibrium at least down to 2 2 6 ~(see
correlations are in fact 2

and 232Thcorrelations.

3 8 ~

2.1.6 Sediment tracing summary
The usefulness of 2 2 6 ~and
a 232Thconcentration correlations

111 sediment

tracing has

been demonstrated in the literature. Coaelations between these nuclides have been observed
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in all sorted sediments examined to date. These correlations occur with both zero and
non-zero intercepts, but the reasons for these differences are not known. Other lithogenic
radionuclides correlations are also known to exist, but the value of these to sediment tracing
studies is also unknown.

In the following sections the reported natural distributions and behaviour of uranium,
thorium and radium relevant to the development of the correlations used in the sediment
tracing technique are discussed, but firstly the phenomena of radioactive decay, secular
equilibrium and the chemistry of uranium, thorium and radium are summarised.

2.2 Radioactivity and Secular Equilibrium
A full discussion of this topic is provided in Ivanovich and Harmon [1982, 19921. A

brief outline is provided here.
A radioactive nucleus is one which at any instant may change spontaneously into a

different element by losing energy from the nucleus. This process is termed radioactive
decay. The radioactivity of an unstable nuclide is by definition

where a is the activity in nuclear disintegrations per unit time, N is the number of atoms of
the nuclide and h is the decay constant, the probability of decay per unit time. The unit of
activity is the Becquerel (Bq), which is defined as 1 nuclear disintegration per second. The
solution to equation (2.1) can be expressed as

No is the initial number of radioactive atoms at t = 0, and N is the number of remaining atoms
at some later time t.
The half-life t,,, is the time interval over which the initial number of radioactive
atoms No, is exactly halved i.e. N = 0.5N0 at t = t,,.

The half-life is related to the decay

constant by
t,, = ln2lh = 0.693lh

(2.3)
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In the case where nuclide 1 is part of a decay chain in which it decays to a radioactive

daughter nuclide 2, the nett rate of decay of the daughter nuclide is given by the difference
between the decay rate and the production rate resulting from the decay of its parent.

where N, and N2 represent the number of atoms of the parent and daughter at any time t, and

k, and h, are the respective decay constants.
In the cases examined in this study the daughter half-life is usually much shorter than
that of the parent nuclide i.e. h,<< h,. Conseqi~entlythe activity of the parent does not
decrease markedly during many daughter half-lives. In this case the solution to eqn 2.4
simplifies to
(2.5)

N2h, = ~ , h , ( l - e - ' ~ ~
Then for values of t much greater than the daughter half-life

N,h, = NIL,

(2.6)

This condition is termed secular equilibrium. For a decay series, where the series parent
half-life is much longer than that of the longest lived daughter, secular equilibrium implies

N,h, = N,h, = N3& =.................= N,L,

(2.7)

2.3 Mass and Activity Concentrations
While the activity concentrations of the nuclides in a decay series at secular
equilibrium are approximately equal, mass concentrations are typically far from equal. The
ratio of the number of atoms of nuclide 1 to the number of atoms of nucclide 2 is
N1M2= hJhl
For example, in the case of secular equilibriwm in the

decay series using activity

2 3 8 ~

concentrations,
238

U ( t,,=

4.5 X logy) =

234

U ( t,,=

2.5 X 1V y) = m ~ (ht,,= 7.5 x l@y) = 226Ra ( t,,= 1.6 X l@y)

but the mass concentrations decrease by many orders of magnitude down the chain. So, for

an initial mass concentration of

of 3ppm (crustal average Wedepohl, 1969), which

2 3 8 ~

corresponds to an activity concentration of -40 Bq kg-', mass concentrations of the various
nuclides along the chain are 3ppm, 0.167ppb, 0.OSOppb and 0.00107ppb respectively.
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This is important because while the radioactivity of the daughters is significant,
gravimetrically the contribution of the daughter nuclides can be ignored. Furthermore, it has
implications for the chemical behaviour of the daughter nuclides in the natural environment.
For example, the activity concentrations of 2 2 6 ~inanatural waters range up to approximately

20 Bq I-' in some saline environments [Gascoyne, 19891, this high concentration is equivalent
a at this upper activity concentration would
to - 1 0 ' " ~radium. It is unlikely that 2 2 6 ~even
a
in solution
exceed any solubility products in natural waters. Therefore 2 2 6 ~concentrations
are likely to be limited by sorbtion and CO-precipitation[Langmiur and Riese, 19851 and not
by precipitation reactions.

Consequently, the environmental behaviour of 2 2 6 ~(and
a the

other daughter nuclides) is likely to be different than that which would be predicted from the
element chemistry alone.

2.4. Chemistry
The environmental chemistry of uranium and thorium series nuclides have been
summarised by various authors [see for example Katzin, 1954; Wedepohl, 1969; Osmond and

Cowart, 1976, 1982; Ivanovich and Harmon 1982, 19921. Only the salient features of the
element chemistries relevant to this study are presented here.

2.4. l Uranium
Chemically, uranium has two natural valency states 4+ and 6+. Under surficial
oxidising conditions it is normally in the 6+ state. In the 4+ state uranium is considered
immobile. However, the 6+ ion is far more soluble, largely because of its tendency to form
uranyl complexes, particularly with carbonates and phosphates [Gmcoyne, 19921. The
mobility of uranium is therefore dictated by the Eh-pH conditions.
Significant quantities of uranium may be transported by oxidised groundwaters.

Gascoyne [l9921 gives the typical range for uranium in groundwaters as 0.1 to 50 parts per
billion (ppb), but notes that even in unmineralised areas they may get as high as 2000 ppb.
Transport of uranium as colloids, fine particulate phases and as absorbed ions
provides another avenue for mobility [Sheppard at al., 1980; Borovec, 1981; Short et al.,

1988; Vilkes et al., 1988; Moore, 1992; Tipping and Higgo, 19921. Studies show that
generally less than 10% of the uranium load is associated with inorganic colloids [Osmond

and Ivanovich, 19921, but that up to 80% of the load may be carried by organic colloids
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[Dearlove et al., 19911. These organic colloids are highly stable in the groundwater
environment [Osmond and Ivanovich, 19921.
Natural colloids are capable of transporting significant portions of the uranium load
and may have the effect of increasing the mobi1it:y of uranium under reducing conditions.
However, solution transport under oxidised conditions would appear to be the dominant
mechanism for uranium mobility.

2.4.2 Thorium
In solution, thorium exists only as a 44- ion, though it rarely occurs in significant
concentrations as a dissolved ion. It is widely iissumed that thorium is immobile in the
aqueous environment. This assumption is based largely on thorium's high particle reactivity

[Moore, 19921 and the low solubility of thorium oxide.
The solubility of thorium is greatly increased in the presence of anions with which it
can form complexes. For example, it increases by 3 to 4 orders of magnitude in the presence
of inorganic ligands such as sulphate, fluoride, phosphates [Langmuir and Herman, 19801
and carbonates [Simpson et al., 1982; Anderson et al,. 1982; LaFlamme and Murray, 19871.
Organic ligands such as oxalate, citrate and ethylene diamine tetra acid (EDTA) are known to
greatly increase the solubility of Th" (up to 107for oxalate [Langmuir and Herman, 19801).
However, above pH7 thorium tends to adsorb almost completely onto clays and solid organic
matter [Gascoyne, 19921. While complexing increases thorium solubility, the thorium
content of natural waters is nevertheless very low, largely due to its particle reactivity.

Krishnaswami et al., [l9821 showed that sorption removes thorium from groundwater on a
time scale of 3 minutes or less, demonstrating its particle reactive nature:.
As with uranium, recent studies have shown that colloids and fine particulate phases
are important in the transport of thorium [Orlandirti et al., 1990; Gamey et al., 1992; various
authors in Ivanovich and Harmon, 1992; Marley et al., 1993; 1. Given thorium's generally
low solubility, and its particle reactive nature, colloidal transport may be the predominant
means of thorium migration in the environment.

2.4.3 Radium
Radium is the heaviest of the alkaline earth group. Chemically, it behaves similarly
to barium and is present in the natural environment only as a 2+ species.

226~a
- - p
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concentrations range from 0.1 m ~ q ~in- fresh
'
surface waters, to over 20 Bq L-' in some
saline waters [Gascoyne, 19891. Moore [l9921 stated that in river water and non-saline
groundwater radium strongly sorbed to particles; in seawater it is primarily dissolved.

Krishnaswami et al., [l9821 noted that radium injected into fresh groundwater did not
migrate far from the point of injection and was rapidly removed from solution by sorption.
However, Krishnmwami et al., [l99l ] also observed that it is much less particle reactive in
brines.
Radium CO-precipitateswith hydrous oxides of Mn and Fe [Kronfeld et al., 1991;

Levinson et al., 19821 and in soils, radium is mainly on exchangeable sites or associated with
iron and/or iron oxides [Frissel and Koster, 19901. As with thorium, particulate transport of
radium is likely to be the dominant mechanism of mobility in the near surface low salinity
environment.

2.5 Natural Distribution
In the natural environment rocks, soils and sediments can be viewed as linked
compartments in the erosion cycle. This is shown diagrammatically in Figure 2.4. The
primary mechanism of erosion is weathering [Press and Siever, 19781. In weathering,
chemical and mechanical processes act to break down rock mass. The residual product of
rock weathering is soil. In detail, these pedogenic processes are complicated but the nett
result is a loss of soluble elements such as Na, Ca and Mg, a consequential enrichment in the
soil profile of less soluble elements (Al, Fe, Mn) [Middelburg et al., 1988; Paton 19781 and
the production of usually finer grained secondary minerals [Moss and Walker, 1978; Press

and Siever, 197 81.
Hydraulically most soils consist of an unstable mix of fine and coarse particles [Moss

and Walker, 19781. Clastic sediments are produced by the transportation of the residue
produce of rock weathering (soils) [Leeder, 19821. Sediment transport results in the sorting
of the material being transported by particle size and to a lesser extent by density, and
abrasion of the grains [Krumbein and Sloss, 19631.

Following deposition the sediments

produced from the mobilisation of soil will re-enter the cycle either by being remobilised,
undergoing soil formation [Moss and Walker, 19781 or by being

indurated to form

sedimentary rock [Press and Siever, 19781.
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Figure 2.4:

A diagrammatic representation of the erosion cycle, showing the links
between rocks, soils and sediments (from discussions in k e d e r [1982],
Krumbein and Sloss [l9631 and Press and Siever [ l9781).

Section 2.1 presented distributions and showed that correlations exist between

2 3 8 ~

and 232Thdecay series nuclides in modem sediments. The following sections examine the
distribution of 2

3 8 and
~

232Thin the other two compartments defined above, rocks and soils.

2.5.1 Distribution in rocks

2.5.la Igneous rocks
Thorium and uranium are known to increase in abundance towards the more
petrologically differentiated rock types.

Typically, high uranium and thorium contents

accompany high concentrations of SiO, and &O and low CaO [Harmon and Rosholt, 19821.
Enrichment of the residuum fluids in elements rejected by most rock forming minerals
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appears to be the simplest explanation of the distribution of uranium and thorium in igneous
rocks [Lyons, 19641. The large ionic radii of uranium and thorium is presumably what
precludes them from early crystallising silicates [Goldrchmidt, 19541.
The concentrations of 232Thappear to be more closely related to

in mafic and

2 3 8 ~

intermediate rocks than in granitic rocks (correlation coefficients of 0.93 and 0.77
respectively) [Clarke et al., 19661. The mass ratio of 232Thto 2

in igneous rocks generally

3 g ~

ranges from 3 to 5 [Harmon and Rosholt, 19821 with an average ratio of 3.5 [Rogers and

Adamr, 19691. The constancy of this value among many igneous rock types indicates a lack
of fractionation of the two elements during magmatic processes [Gascoyne, 19821.
However, many granites have higher thorium to uranium ratios, which Harmon and Rosholt

[l9821 have suggested is due to leaching of uranium subsequent to crystallisation.
While data are available on the general correlations between uranium, thorium and
potassium in igneous rock, little specific data are available on the relationships of these
nuclides in comagmatic suites. One of the few examples is the work of Larsen and Gottfried

[l9601 in which they examined the concentration of uranium and thorium in 199 rocks from
a variety of petrographic provinces. Larsen and Gotrfied [l9601 plotted uranium, thorium
and the thorium/uranium ratio against a differentiation index. They observed that in general
uranium and thorium increased in concentration towards the more felsic members in each
suite and that the thorium/uranium ratio was more or less constant for a given petrographic
province. Given the importance of their observation to this study, their data have been
converted to Bq kg-', using the conversion factors in Appendix A, and replotted as uranium
to thorium plots (Fig 2.5 a to g).
The concentrations of uranium and thorium are strongly correlated in each of the
rock suites, with 12 values ranging from 0.75 to 0.99. These correlations all have intercepts at
or near zero. The slopes range from 0.49 to 1.4 and many of the rock suites can be
distinguished from one another on the basis of their uranium to thorium correlations. This is
an important observation from the point of view of this study: petrographic provinces may
be distinguished by distinctive uranium to thorium correlations. As the uranium and thorium
decay series are commonly in secular equilibrium in most unexposed rocks [Iyengar, 19901,
identical correlations would therefore be expected between other nuclides from the two decay
chains, for example " O T ~ to 2 3 2 ~orh 2 2 6 ~toa2 3 2 ~ h .
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2.5. l b Sedimentary rocks
A large proportion of the earth's crust is covered by sediments. Continental sediments
are dominated by clastic material. This material is derived from the erosion of soil material
which is ultimately derived from rock weathering. Nuclide correlations in modem sediments
were presented in chapter 1. This section briefly describes the evidence for the presence of
nuclide correlations in sedimentary rocks.
Gascoyne [l9821 states that clastic sediment deposits typically contain thorium in
concentrations comparable to those in the source rock.

Wedepohl [l9691 notes that the

Th/U mass ratio for shales ( non black) is between 3.5-4. This is similar to the 3 to 5 range
reported for igneous rocks [Harmon and Rosholt, 19821. However, most of the published
uranium and thorium analyses of sedimentary rocks are of individual samples collected from
a variety of lithologies. While these results are of use in determining the general ranges and
distribution of these elements, they provide no information on whether these elements are
correlated in sedimentary rocks.
One exception to this is the Plier and Adams [1962a] study of the Mancos shale.
These authors made 135 measurements of U and Th concentrations in samples, of this
homogenous dark-grey-carbonaceous shale, collected from 16 sites along more than 500 kms
of outcrop. Their data have been converted to Bq kg", using the conversion factors in
Appendix A, and are plotted in Figure 2.6.
-
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Figure 2.7:

and 232Thconcentration data from vertical (open circle) and horizontal
(closed circles) sampling at intervals of 6 ft at one outcrop of the Mancos
Shale. The relative standard deviation of the U/Th ratio for these samples is
9. l %. Data from Plier and Adam [ l 962aJ.

2 3 8 ~

The data from this regional sampling shows a wide scatter and there is no correlation
evident between the U and Th concentrations.

However, Plier and A d a m [1962a]

demonstrated that while the U/Th ratios in samples of the Mancos shale varied markedly on a
regional scale, the local variations were small (Figure 2.7). From this and other evidence
they attributed the spread in 2

and 2 3 2 ~concentrations
h
evident in regional data to changes

3 8 ~

in the depositional environment of the shale. This suggests that while 2

and 232Thmay be

3 8 ~

poorly correlated in a sedimentary rock on a regional scale, locally uniform U r n ratios may
be expected. Given the absence of other comparable data it is not possible to state whether
this is generally the case in all sedimentary rocks.

2.5.2 Distribution in soils
It is clear from the above discussion that correlations exist between uranium and
thorium in igneous and sedimentary rocks. While these elements are correlated in the whole
rock they are not uniformly distributed within most rock material. Uranium and thorium are
predominantly concentrated in accessory minerals such as zircon, sphene and apatite
[Wedepohl, 19691 or in poorly crystalline phases [Levinson et al., 1982; Gascoyne, 19821
typically concentrated along grain boundaries [Wedepohl, 19691. The decay series in deeply
buried unweathered materials are generally in equilibrium [Osmond and Cowart, 19821.
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Disequilibrium results from geochemical or geophysical sorting, whereby a process acts to
move a parent or daughter into or out of a system at a rate which is significant, relative to the
half-life of the daughter. It is the weathering processes that occur at or near the earth surface
which occur on time scales fast enough to result in disequilibrium. As weathering processes
break the rock down it would seem unlikely, given the differences in the distribution and
chemistry of the elements, that the nuclide concentrations or correlations present in the rock
would carry through to the soil.

In general the mobility of uranium and thorium is considered to be limited [Harmsen

and de Haan, 1980; Middelburg et al., 19881. Similarly radium does not appear to migrate
significantly through soils [Frissel and Koster, 1990; Jesus et al., 19801. A number of
studies have demonstrated that the concentration of uranium, thorium and radium in soils is
largely dictated by the concentration of these nuclides in the parent material [ Harmen and

de Haan, 1980; Megumi et al., 1988; Frissel and Koster, 19901. The correlations present in
rocks might therefore, be expected to exist in the soil profile developed from those rocks.

Megumi et al., [l9881 found a general correlation between uranium and thorium
series nuclides in soils collected from a variety of petrographic provinces. They explained
the scatter in the correlations in terms of surface area effects. Uranium and thorium series
nuclides have been shown to increase in concentration as particle size decreases [Megumi and

Maruro, 1977; Megumi et al., 1986; Meriwether et al., 19881 and surface area increases
[Megumi et al., 1982; Megumi et al., 1988 1. The nuclides are dominantly present on the
surface of soil particles either as sorbed ions or incorporated into FeIMn oxides [Frissel and

Koster, 1980; Megumi et al., 19821. The spread in the correlations between uranium and
thorium series nuclides in soils may be the result of minor differences in the relative mobility
of the nuclides and differences in soil particle surface area. Therefore, it would seem
probable that if correlations are present in the parent rocks, they are transferred to the soils
with some degree of localised modification. This modification would be largely due to
surface area effects and differences in nuclide chemistries, with the uranium and thorium
series nuclides being primarily present on the surface of soil particles or in relicted heavy
mineral phases.

In contrast to the observations of low nuclide mobility and the prevalence of secular
equilibrium in soils discussed above, a number of studies have found evidence of significant
nuclide mobility and distinct disequilibrium. For example, Michel [l9841 observed up to

70% loss of 2 3 2 ~during
h
granite weathering in Cayce, Southern Carolina, USA. She also
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considered that a significant fraction of the uranium and radium had been removed and then
added back to the profile. The "'U decay series was not in equilibrium, with the 230Th/234~

and 2 3 0 ~ h / 2 2activity
6 ~ a ratios being less than 1. Disequilibrium in the

decay series has

2 3 8 ~

also been observed in soils by other workers [Hansen and Stout, 1968; Megumi, 1979;
Rosholt, 1982; Moreira-Nordemunn, 19801. Dickson and Wheller [ l 9921 stated that the

activity ratios in many soils for 2 3 4 ~ / 2were
3 8 ~less than 1, and greater than 1 for

2 3 0 ~ 2 3 8 ~

and 2 2 6 ~ a / 2 3 8 ~ .
There is little literature available on the equilibrium conditions of the 2 3 2 ~decay
h
series in soils. However, given the short half-lives of the longer lived daughters in the series,
2 2 8 ~(5.75~)
a
and 2 2 8 ~(1.91y),
h
it would be expected that the decay series would be in
secular equilibrium in most natural materials [Murray et al., 19911. Murray et al., [l9921
confirmed this in a number of samples of Australian soils and sediments.

Murray et al., [l9911 presented

and 238Udata from sediments collected from

Australian catchments ranging in size from a few hectares to tens of thousands of km2. These
sediments would have been derived from the soils in those catchments. In each of the
examples presented by Murray et al., [l9911 the activity ratio of 2 2 6 ~ a / 2was
3 8 ~within
analytical uncertainty of one.

This suggests that the

238

U decay series is probably in

equilibrium down to 2 2 6 ~ina these sediments, and presumably in the soils from which they
are derived. Given the scale of the Murray et al., [l9911 study, secular equilibrium (at least
a)
seem to be the common condition in Australian soils.
down to 2 2 6 ~ would

2.6 Evidence for the Mobility of Thorium.
An interesting issue arises from the work of Michel [1984]. As discussed above

thorium is generally considered to be immobile in the environment. The Michel [l9841 study
is a notable exception. She observed a loss of up to 70% of 2 3 2 ~during
h
iso-volumetric
weathering of granite. However,
concentration of

238~,

234Uand 2 2 6 ~showed
a
no significant loss.

was generally found to be deficient relative to its parent

2 3 0 ~

.
[l9841 concluded that 226Raand 2
daughter 2 2 6 ~ aMichel

The
and it

2 3 4 ~

had been lost during the intense

3 4 ~

weathering and then added to the profile in the last 10,000 years. Interestingly the 2 2 6 ~ a / 2 3 4 ~
ratio for most points is close to 1 (Table 2.2). If the sample 8 is disregarded the mean is
1.059.03. The mean 2 3 0 ~ h / 2 ratio
3 4 ~ is 0.88k0.03.
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Table 2.2: Concentration data and activity ratios for the
weathered granite samples [after Michel, 19841.

No.

U

4

~

=OT~

226~a

mean (not including sample 8)
and standard error

If the addition hypothesis is correct the apparent equilibrium between 2 2 6 ~and
a
has to be regarded as coincidental. It is possible that 2

2 3 4 ~

and 2 2 6 ~were
a added to the profile

3 4 ~

and that Michel [l9841 sampled at a time when their activities were equal. However, given
the 70% loss of 232Thobserved, an alternative explanation would be that 230Thhad been lost
from the profile in the last 200 to 300 years and that

and 2 2 6 ~had
a been preferentially

2 3 4 ~

retained. This single step process has the attraction of simplicity, compared with the dual
step and coincidence required by the Michel hypothesis.

It suggests that under some

conditions, thorium may be more mobile than either uranium or radium.

A possible mechanism for this is described in Short et al., [1988]. They observed that
uranium was largely present in soluble species, whereas thorium was present in the colloidal
phase. In addition they also noted that 2

sorbed on the colloids was lost back to solution,

3 4 ~

but that the relative mobility of 230Thbetween phases was low. The uranium present in
solution would be able to become involved in redox or CO-precipitation reactions. The
sorbed thorium would not be as chemically available. Under these circumstances, situations
can be envisaged in which thorium could be more mobile than uranium and presumably
radium.
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As this thesis is examining equilibrium conditions in soils and sediments, the
opportunity exists to address the relative mobility of the various nuclides in a variety of
geomorphic settings.

2.7 Summary
The follow summarises the information on natural distribution and behaviour of
uranium, thorium and radium relevant to the development of the correlations used in the
sediment tracing technique described in chapters 1 and 2:
1. Correlations exist between uranium and thorium in igneous rocks. The 2

and 232Th

3 8 ~

decay series are in secular equilibrium in most igneous rocks so these correlations
also apply to the daughters in the decay series. These correlations all have intercepts
consistent with zero.

2. Petrogenic provinces may be distinguished on the basis of these nuclide relationships.

3. Lithogenic radionuclides may be poorly correlated in sedimentary rocks on a regional
scale but well correlated at smaller scales.

4. Strong correlations exist between 2

3 8 and
~

232Thdecay series in modem sediments.

These correlations may be used to distinguish sediment derived from different
sources. Correlations with non-zero intercepts do occur.

5. The correlations between lithogenic nuclides in soils are weaker than those observed
in modem sediments. The uranium and thorium series nuclides are primarily present
on the surface of soil particles or in relict heavy mineral phases.

6. In general the mobility of uranium, thorium and radium is limited and it is strongly
a 228Th)is the dominant
suggested that secular equilibrium (at least down to 2 2 6 ~and
condition in Australian soils.
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Chapter 3: Hypotheses, Methodology and Analytical
Methods
This chapter presents hypotheses which have been examined in this thesis in order to
develop a mechanistic framework for the application of lithogenic radionuclides to sediment
tracing. It also describes the methodology and analytical methods employed in addressing
these hypotheses.

3.1 Statement of Hypotheses
Correlations between concentrations of 2 2 6 ~and
a 2 3 2 ~have
h been widely observed in
modem sediments (see chapter 2 for discussion).

From the literature, two possible

mechanisms by which the correlation between

and 232Thdecay series nuclides in

2 3 8 ~

modem sediments arise can be proposed. Firstly, if secular equilibrium prevails in most soils
and the mobility of the parent nuclides is in general limited, then the correlations observed in
modem transported sediments have been directly inherited from the parent rock. From this
Hypothesis 1 is proposed:1. Lithology is the dominant factor controlling the heterogeneity of 226Ra
and U2Thacross the landscape.
Nuclide correlations present in the rock are carried through to the soils developed on them. The
decay series are in secular equilibrium in soil material with the nuclides being present either on the

grain surfaces or in primary resistate minerals. Erosion and sorting of the soil material results in
sedirnents which have uranium to thorium series nuclide ratios equal to the uranium to thorium ratio
of the parent material.

Conversely, if significant nuclide mobility occurs during soil formation, then the
observed correlations must be a fknction of the nuclide redistribution on the soil particles and
the transportation processes. In soils, radionuclides are known to be associated with grain
surface coatings, such as irodmanganese oxides/hydroxides and organic coatings [Frissel
and Koster, 1990; Megumi et al., 1982; Rosholt, 19821. These coatings probably develop
radionuclide signatures through sorption and CO-precipitation. Therefore, the average
concentration of radionuclides in a grain will be dependant on the original grain diameter and
the thickness of the coating compared with the diameter. In grains with varying coat
thicknesses, the bulk concentration of a radionuclide should then correlate linearly with the
-
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concentration of other nuclides. It is therefore possible that the correlations observed
between nuclides, in transported sediments, could be due to different degrees of development
andlor abrasion of these coatings [Murray et al., 19911.

Concentrations would range

between the low values in the core grain and the typically higher values in the surface
coatings. From this a second hypothesis is proposed which contradicts hypotheis 1:The heterogeneity observed in 226Raand " ? ~ h across the landscape is the result of soil

2.

forming processes. The 238Uand 232Thdecay series nuclides are dominantly surface sorbed,
either directly or in association with FeIMn oxide. Particle size separation during fluvial
transport then results in the linear correlations observed in transported material. The
226Ra/232~h
correlations in sediments are therefore related to soil formation effects, and

secular equilibrium will not necessarily be observed in soils and sediments.
In addition to these two general hypotheses (above) an additional hypothesis related
to

and 2 3 2 ~ decay
h
series nuclides concentrations in sandy sediments has also been

2 3 8 ~

examined.

Zircon, apatite and other heavy minerals are known to contain high

concentrations of uranium and thorium [Kamel and Johnson, 1963; Wedepohl, 19691 and are
resistant to weathering. Adams et aL, [l9591 suggested that these resistate minerals are
transferred intact to sediments. In samples with varying heavy mineral content, the bulk
concentration of a radionuclide should then correlate linearly with the concentration of other
nuclides. Concentrations would range between the low values in the gangue minerals and the
much higher concentrations in the heavy minerals. The slope of the correlation would
largely be dependant on the uranium to thorium ratio in the heavy mineral phases. The third
hypothesis is therefore:3.

In coarse grained material (sands) 226Raand 2 3 2 ~are
h primarily associated with resistate
heavy minerals. Density separation of these minerals from the gangue results in the

correlations observed in modem sediments.

Page 27

Hpotheses, Methodology and Analytical Methods

3.2 Methodology
In order to test the hypotheses of Section 3.1, and to illustrate the complexities of
applying natural decay series nuclides to sediment tracing problems the behaviour and
distribution of radionuclides has been examined at nine distinct sites. These range in scale
from 10m2 to 100,000 km2. The thesis aims to establish the links between lithogenic
radionuclide relationships in the three erosion cycle compartments defined in Figure 2.4 that
is between rocks, soils and sediments, with particular emphasis on the links between
radionuclide distribution in soils and those present in sediments derived from them. Each
chapter in Part I1 of the thesis aims to contribute to the development of an overall model of
the behaviour of lithogenic radionuclides pertaining to their use in sediment tracing studies.
In chapter 4 lithogenic radionuclide data from nine rock types and the soils developed
from them are studied. Equilibrium conditions are discussed and relationships between 2

3 8 ~

and 232Thdecay series nuclides in the rocks and soils are examined. This chapter aims to
determine effects of pedogenisis on 2

and 232Thdecay series nuclides.

3 8 ~

The effects of fluvial transport of soil material on the

and 2 3 2 ~decay
h
series

2 3 8 ~

nuclide concentrations are examined in chapter 5. Three main processes occur to soil
material during fluvial transportation; (i) separation of the soil grains by particle size, (ii)
separation by density, and (iii) grain abrasion [Kmmbein and Sloss, 19631. The effects of
each of these processes on the concentration of radionuclides are determined by measuring
radionuclide concentrations in artificially sorted and abraded soil fractions. At the end of this
chapter the radionuclide concentrations in sediments derived from fluvial transportation of
soil material are compared to the radionuclide correlations produced by artificial sorting of
the same soil material by particle size and by density. The aim is to determine whether the
two processes produce the similar correlations.
The dependance of lithogenic radionuclide concentrations in coarse-grained
sediments on the heavy mineral content of the sediments are studied in chapter 6. This work
was done at a single river confluence with the specific aim of testing hypothesis 3. In
chapter 7 the effects of post-depositional alteration of sediments on the radionuclide
concentrations and ratios are examined. This work was done at a site in which sediment
showed evidence of having accumulated iron-manganese oxides following deposition.
In chapter 8 each of the hypotheses proposed are assessed against the observations
made in chapters 4 to 7, and a model is developed of the mechanism controlling the
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distribution of lithogenic radionuclides in modem sediments. This model is then applied to
three sites in Part I11 of this thesis.

3.3 Analytical Methods

3.3.1 Techniques for the analysis of radionuclides
Radionuclide concentrations in samples were determined by a combination of gamma
and alpha spectrometry. The analyses were done at the CSIROs Division of Water Resources
Canberra laboratory; the analytical techniques used are described below.
3.3.la Gamma spectrometry

High resolution gamma spectrometry has been used for analysis of 2 3 8 ~ 226Ra,
,
'"~h,
'"~a, "Opb and 1

in soil and sediment samples. The methods used are described in detail

3 7 ~ ~

by Murray et al., [1987].

The spectrometers are based on high purity, n-type and p-type,

germanium detectors with pulses fed to a personal computer based multichannel analysis
system. All sediment samples were dried and reduced to a particle size less than 100pm in a
chrome steel ring grinder, then ashed at 450°C for 24 hours to remove the organic fraction.
Depending on the amount of material available, either about 40g or 250g of sample was
mixed with polyester resin and cast in one of two fixed geometries (disc or cup respectively)
for counting [Murray et al., 19871. The samples were cast in polyester resin to efficiently
retain the gaseous nuclide 222Rnand to provide reproducible counting geometries. They
were then stored for approximately 6 half-lives of "'~n

(half-life 3.8 days) to ensure

equilibrium with its parent 2 2 6 ~ athis
, enables concentrations of 2 2 6 ~toa be determined with
higher sensitivity from the 222Rndaughters. The samples were usually counted for 24 hours.
Experimentally derived minimum detection limits for the two geometries are given in Table
3.1.
Table 3.1

Nuclide

Experimentally derived minimum detection limits for Gamma
Spectrometry (aRer M u m y et al., 1987)
Disc, 33cm3

Cup, 201cm3
Bq kg-l

5
0.4
10
1
0.4
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The spectrometers were calibrated using Canadian Centre for Mineral and Energy
Technology (CANMET) uranium ore BL-5, thorium nitrate refined in 1906 (Amersham
International), Analar grade potassium chloride, and absolutely standardised 13'cs solution
(Amersham International). Independent checks on calibration were performed using various
U.S. National Bureau of Standards standards and IAEA intercomparisons.

3.3.lb Alpha - particle spectrometry

Alpha-particle spectrometry has been used to analyse; 1) 232Th,23@T'hand 228Thin
soils and sediment samples from each of the sites; 2) thorium and radium isotopes in
chemical extractions from soils and sediment from a number of the sites; 3) groundwaters
from the Geebung Creek site. The procedures involved have been described in detail by
Hancock and Martin [I99 l] and Martin and Hancock [l 9921. A summary follows.

The chemical procedure followed was the same for each type of sample
(groundwater, soil, sediment, or chemical extract) once the sample had been taken into
solution.
Sample Dissolution

Sediment and Soil Samples: The absolute concentration of thorium isotopes in sediment and
soil samples was determined either by using 229Thtracer (Amersham International t 1%) or
by using the 2 2 8 ~activity
h
determined by gamma spectrometry. In each case between 0.5-lg
of dried finely-ground sediment was processed. Samples were processed either by acid
digestion or pyro-sulphate fusion [Sill, 19871. The latter technique was generally favoured.
Acid digestion of samples was done in high temperature teflon beakers. Samples
were refluxed with HF for 8 hours. The solution was then taken to dryness and 2 m1 of 5M
HCI added. If all the sample went into solution it was then made up to 120 m1 with
deionized water. However, if the sample was not fully dissolved, the HF reflux was repeated
and 5 mL of H2C12was added. This solution was then taken to dryness and the 2 m1 of HCI
added again. Two grams of &SO, was then added to the 120 m1 of solution and radium and
thorium isotopes were coprecipitated with lead sulphate.
The pyro-sulphate fusion technique used is modified from Sill [l 9871. A few mls of
HF was added (samples with high organic contents were first refluxed with nitric acid). The
slurry was evaporated to dryness. The residue was then solubilized by fusion with potassium
fluoride. This was transposed to a pyro-sulphate cake. The cake was then readily dissolved
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in 1201111 of 0.1M HCI and the radium and thorium isotopes were coprecipitated with lead
sulphate.
Groundwater: Water samples were filtered through 0.45pm membrane filters. The 2 L
filtrate was then acidified with lml concentrated HCl per litre. After addition of the tracer,
radium and thorium isotopes were concentrated by CO-precipitationwith manganese dioxide
at pH 10. The precipitate was recovered by filtration, dissolved in a HCl/H,02 solution and
then evaporated to dryness. The residue was then dissolved in 2 m1 of 5M HCI and the
solution made up to 120 ml. Two grams of potassium sulphate (&SO,) were added and the
radium and thorium isotopes were then CO-precipitatedwith lead sulphate.
Chemical Extracts: The chemical extracts described in section (3.3.8) were taken to total
dryness in silica crucibles after the addition of 229Thtracer. They were then ashed at 450 500 "C for 8hrs. The ashed residue was transferred to a platinum crucible and the samples
were then processed as with the sediment and soil samples described above.
Chemical Separation of the Radioelements
Afier decanting, the precipitate from the above dissolution processes was washed and
dissolved in an ammonical EDTA solution. The EDTA solution was then poured onto an
anion exchange column. Radium passed through the column and was collected for hrther
purification. The thorium which was retained on the column was washed with 8M nitric
acid (H2N0,) and then eluted with 9M HCI. The solution was then evaporated to dryness
and electrodeposited on to a stainless steel disc (20mm dia.) from a sulphate electrolyte. The
radium fraction was transferred to a cation exchange column and the alkali earth cations were
sequentially eluted from the column with 1.5 M ammonium acetate and 2.5 M HCI solutions.
The radium was finally eluted with 6 M HNO,. This solution was then evaporated to dryness
and the radium was then electrodeposited onto a stainless steel disc from an aqueous/ethanol
solution at pH 2.
Counting
The electroplated discs were counted using an alpha-particle detection system. Ortex
silicon surface barrier detectors with 450mm2active areas were used. A negative charge was
applied to the source and the chamber pressure adjusted to 10 ton. to limit contamination of
-

p
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the detector by recoiling daughter products (Sill and Olsen, 1970). Samples were typically
counted for 1 to 2 days depending on the activity of the source. The concentration of a
particular nuclide was calculated by integrating the counts for that nuclide over its peak area
and comparing this activity with the known activity of the tracer nuclide. Recoveries were
typically of the order of 70%.
3.3. l c Cornparision of 2 2 8 ~ h ( ato) 228~h(y)

This study involved the use and comparison of analyses from both gamma and
alpha-particle spectrometry. It is therefore necessary to provide an intercomparison of
radionuclide results from both techniques.

Concentration of 228Thin samples can be

determined by either technique. Concentrations of 228Thhave been determined by both alpha
and gamma spectrometry in 69 sediment and soil samples from 5 distinct sites. The 228Th(y)
are plotted against 228Th(a)in Figure 3.la. There is very good agreement between the two
analytical techniques with 228Th(y)=
l .0 1228Th(a)-1.4 and ?=0.98. The percentage difference
between the two sets of analyses has been calculated using the formula

and 228Th(a)are the concentrations of 228Thdetermined by gamma and
in which 228~h(y)
alpha spectrometry respectively, 228Th(rn)is the weighted mean. The percentage difference is
plotted against the weighted mean value in Figure 3.lb. The average value is 0.76%,

0=3.5%. This is comparable with the typical individual uncertainty on each value of about
3%. The agreement between the two estimates of reproducibility confirm that there is no
random variability in the analyses that cannot be explained entirely by the counting statistics.
The standard error on the ratio is 0.44% (n=69). There is no evidence that the mean
value is statistically different from zero. i.e. there is no systematic difference between the
gamma and alpha spectrometry determinations of 2 2 8 ~ hIt. is concluded that both in terms of
accuracy and precision the two sets of analyses were comparable and can be used
interchangably.

--
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Figure 3.1: Comparison of 2 2 8 ~ concentrations
h
determined by Gamma and Alpha
Spectrometry in 69 samples; a) 228Th(gamma) against 228Th(alpha). The
regression line and the 95% confidence limits are shown; b) The percentage
difference [(a)-(y)] against the weighted mean value.
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3.3.2 Major element analyses
The concentration of major elements in selected samples were determined by one of
two methods depending on availability (i) Flame atomic absorption (AA) or (ii) X-ray
Fluorescence (XRF).

3.3.2a Flame atomic absorption
After acid digestion by standard techniques [ANen et al., 19741 concentrations of AI,
Fe, Mn, Ca, Mg, Na, and K were determined by Atomic absorption analysis at the CSIROs
Division of Water Resources Canberra laboratory. An air-acetylene flame was used, and
samples were aspirated directly into the flame.

3.3.2b X-ray fluorescent spectrography
Major element concentrations were determined in soil, rock and sediment samples on
a Phillips PW1404 spectrometer at CSIRO's Division of Plant Industry's Canberra laboratory.
Samples were prepared for analysis by fusing 0.4g of fine ground sample in a lithium borate
glass at 1 0 0 0 ' ~[Nomsh and Hutton, 1969; Norrish and Chappell, 19771.

3.3.3 Mineral determinations
Sample mineralogy was determined by a combination of Microscopic examination
and X-ray diffraction analysis (m).
The X-ray diffraction work was done on fine ground
samples prepared on glass slides. The X-ray diffraction instrument was a Siemen D-501 with
a Cu tube.

3.3.4 Sample fractionation and abrasion
In chapter 5 the effects of fluvial transport of soil material on the 2

and 232Thdecay

3 8 ~

series nuclide concentrations are examined. Three main processes occur to soil material
during fluvial transportation; (i)

separation of the soil grains by particle size and (ii)

separation by density and (iii) grain abrasion. In order to investigate the effects of these
processes soil samples were artificially sorted by both density and particle size, and abraded.

The methods used are described below.

3.3.4a Density separation
Heavy mineral separation was done using sodium polytungstate. This inorganic salt
supplied by SOMETU (West Germany) forms an aqueous neutral solution, stable in the pH
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range of 2-14. The density of the solution is adjustable by dilution between 1 and 3.1 g cm'3.
One of the main advantages of sodium polytungstate is that it is non-toxic and reusable. This
compound has gained favour in a number of areas where heavy liquids such as TBE,
bromoform etc. have traditionally been used for mineral separation [Callahan, 19871,
conodont extraction [Mem'N. 19871 and biogenic silicate separation [HartJ19881.
A 30-100g of dried sample was placed in the bottom of a 250ml centrifuge tube and

the tube was filled with sodium polytungstate solution with a density adjusted to 2.95 g cm".
Separation was done at this density to separate the quartz, feldspar and clays from the
primary heavy minerals (zircon, rutile etc) and the secondary iron and manganese oxides.
The sample was then centrifuged at 3000rpm for 20 minutes.

Minerals with densities

>2.95g/cm3 remain on the bottom of the tube while all others floated to the surface. The
mineral separates were then washed in deionised water to enable the sodium polytungstate to
be recovered. Recovery simply involved drying the wash solution down. The >2.95g cm-'
were analysed by a combination of alpha and gamma spectrometry. The mineralogy was
determined by XRD.
3.3.4b Particle size separation

Particle size separation was carried out by wet sieving. Samples were first slaked
with water then added to the top of a stack of 6 or 7 sieves (Zmm, 1.4mm, 500pm, 250pm,
125pm, 63pm and occasionally 38pm). The stack was continuously flushed with water and
shaken mechanically. All the fractions produced were then dried in an oven at 4 5 * ~ and
,
weighed. The various particle size fractions were then analysed by a combination of AA,
XRF, XRD and alpha and gamma spectrometry.
3.3.4~Grain abrasion

Sub-samples of three of the soil samples (Al, D9 and 11) were used to examine the
effects of grain abrasion on the radionuclide concentrations. Samples were first wet sieved to
remove the <38vm fraction. This was done because the <38pm fraction is normally carried
in suspension during fluvial transport and therefore probably does not undergo significant
abrasion. 300 g of the >38 pm fiaction of each sample was placed in a 11 thick walled plastic
bottle with -600 m1 of distilled water. The bottles were then agitated for 62 hrs on a
mechanical shaker. After shaking, the samples were particle sized by wet sieving and the
particle size distributions compared to those prior to abrasion. A subsample of the >38pm
- -
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fraction prior to abrasion and the <38 pm and > 38 pm fractions after abrasion were then
analysed by XRF, alpha and gamma spectrometry.

3.3.5 Chemical extraction
In chapter 4 the effects of soil development on lithogenic radionuclide concentrations
are examined. Secondary iron and manganese oxides are formed during pedogenesis. The
ability of these oxides to trap radionuclides has already been discussed. In this study
citrate-dithionite extraction [Coffin, 19631 has been used to investigate the role of these
oxides in controlling the distribution of radionuclides in soils. This is a standard reagent
commonly used in soil science for selectively dissolving Fe oxides/oxyhydroxides, it will not
dissolve clay etc, and has been widely used in the study of trace metal associated with these
oxides. Citrate-dithionite is a strong complexing agent and is effective in preventing the
readsorption of particle reactive elements such as Th onto the residue of extraction [Short et
al., 19891.

In this study typically 4 g of sample was extracted at 25°C for 24 hours with
intermittent shaking. Iron and manganese concentrations in the extract were determined by
Atomic Absorbtion analysis (AA). The proportion of extract remaining after the Manalysis
was retained for radionuclide analyses by alpha spectrometry.
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Chapter 4: 238U
and 232ThDecay Series Nuclides in
Rocks and Soils

4.1 Introduction
Soils result from the weathering of rocks. Rock weathering involves the destruction of
rock forming minerals, the loss of soluble elements such as Na, Ca and Mg and the creation of
new secondary minerals such as clays and iron-manganese oxides. These secondary minerals
are invariably finer-grained and more poorly crystalline than the original rock forming
minerals. These pedogenic processes are complicated, involving many solution, carbonation
and oxidation reactions [Krumbein and Sloss, l 9631.
Hypothesis 1 (Section 3.1) proposed that the radionuclide ratios ( U ~ R ~ / Uin~ T ~
particular) in sediments were inherited directly from the parent rock and that lithology was the
dominant factor controlling the heterogeneity of '%a and U 2 ~across
h
the landscape. For this
hypothesis to be true the following statements must hold:
1. No differential mobilisation of 2 2 6 ~with
a respect to its parent nuclides 2 3 8 ~ 2,

and

3 4 ~

230Thor to 2 3 2 ~has
h to occur during the weathering process.

2. Secular equilibrium which is assumed to exist in the parent rock has to be preserved in
the soil.
3. Nuclide ratios in the rock and soil have to be the same but concentrations may vary

due to loss of soluble elements. This loss to solution would tend to increase the
concentration of the radionuclide in the soil relative to the rock.
Each of these statements are tested in this chapter by examining radionuclide concentrations
and ratios in rock and soil samples from nine sites. If these statements are proved correct,
then the 2 2 6 ~toa 232Thcorrelations in sediments are inherited from the parent rock, as
proposed in hypothesis 1. However, if these statements are shown to be false then, as
proposed in hypothesis 2, the correlations in sediments must be related to the weathering
process.
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4.2 Sampling and Sample Treatment
Parent rock and soil samples were collected from nine sites (A to I). The site locations
are shown in Figure 4.1. Details of the sampling at each of the sites are presented in Appendix

B and summarised in Table 4.1 along with site and sample codes. In hrther discussion sites
and samples will be referred to by their code. As only one rock analysis was done for each
site, rocks are referred to by their site code; i.e. rock A comes fi-om site A. The number of
samples collected and the area sampled varied from site to site (Table 4.1). However, in each
case the groups of soil samples were collected fiom above a known uniform lithology. The
rock samples analysed fiom each of the sites consisted of a number of fresh (unweathered)
sub-samples which were combined to provide one well averaged sample of the site lithology.
Radionuclide concentrations in the soil samples were determined by alpha and gamma
spectrometry (section 3.3.1). The rock samples were analysed by alpha spectrometly (section
3.3.lb). Major element concentrations in all the soil samples were determined by either XRF
(section 3-3.2b) or AA (section 3.3.2a). The concentrations of radionuclides associated with
the secondary iron oxides were determined by citrate-dithonite extraction followed by alpha
particle spectrometry on the extract. This was done for samples A1 to A17, C8 to C12 and
D1 to D6.
In addition to the rock and soil samples four 2L water samples (Awl to Aw4) were
collected from site A. These samples were filtered through 0.45pm membrane filters, and the
filtrate acidified with 2ml concentrated HCl. In one of the samples the concentration of
colloids was sufficiently high that these precipitated/flocculated after the filtering. This
sample was taken to dryness and processed as a solid sample.

The concentrations of

radionuclides in the water samples were determined by alpha particle spectrometry (Section
3.3.1).

4.3 Results and Discussion
The following sections examine (i) the equilibrium conditions in the soils at each site,
(ii) the 2 3 0 ~and
h 232Thand 2 2 6 ~and
a 232Thcorrelations in the soils and rock samples, (iii) the
association of radionuclides with secondary iron-manganese oxides. The radionuclide analyses
for all the rock, bulk soil and extraction samples are presented in Appendix C Tables Cl, C2
and C3. Major element analyses are presented in Appendix D.
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Australia

1. Site A
2. Sites E and F
3. Sites G and H
4. Site D
5. Sites B and C
6. Site I

Figure 4.1: A map showing the study site locations

Table 4.1:

Summary of the rock and soil sampling, details are presented in
Appendix B

Code Site Name
A
Geebung Creek

Sampled Area

N Sample Codes

Granite

800m Downslope transect
including 4 depth profiles

19

A1 toA19

Soils from an area of -30 km2
each sample being made
up of -20 sub-samples

13

B1 to B13

Soils from an area of -1 00 km2 13
each sample being made
up of -20 sub-samples

C1 to C13

Lithology

B

McKeowns Valley

Basalt

C

McKeowns Valley

Mixed Sediments

D

Whiteheads Creek

Granite

Soil depth profile
Bulk soil profile

E

Yarramundi Reach

Dacite

100 X 100m area sampled
50
on a 10 X 10 grid every second
sample analysed

F

Black Mountain

Sandstone

Soil depth profile
Soil sample consisting of 20
sub samples collected over
a 12 X 12 m area.

G
H

Killimacat Creek
Killimacat Creek

Sandstone
Rhyolite

Bulked soil profile
Bulked soil profile

l

ChaffeyDam

Basalt

Bulked soil profile

E l to E50

8
1

F1 to F8
F9

1

I1
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4.3.1. Soil equilibrium conditions
238

U and =OT'h: The 2 3 0 ~and
h 2

concentrations in soil samples from sites A to F are plotted

3 8 ~

in Figure 4.2a to f. In each plot the dashed line represents secular equilibrium (2)OThlU8u= 1).
The 2 3 0 ~ h f 3activity
8 ~ ratios for the individual samples from sites G and H are presented in
Table 4.2. There was no 2
Table 4.2:

analysis for sample 11.

3 8 ~

Daughterlparent activity ratios for the samples collected fiom sites G, H and I.
Uncertainties are equivalent to one standard error on the mean.

Four of the samples from site A show significant excesses of 238Uover 'lOTh. An
excess of 2

over 2 3 0 ~ishalso evident in one of the samples from site D. In all other cases

3 8 ~

and 2 3 2 ~concentrations
h
are within analytical uncertainty of equilibrium though there is

2 3 8 ~

systematic evidence of a 2 3 0 ~excess
h
over 2
" 6 ~ aand "'U:

in sites B and E.

3 8 ~

The 2 2 6 ~and
a 238Uconcentrations in soil samples fiom sites A to F are

plotted in Figure 4.3a to f Note the change of scale (from Figure 4.2a and d) in Figure 4.3a
and 4.3d. The 226Ra/U8U
activity ratios have been calculated for the samples from sites G and
H and are presented in Table 4.2. Concentrations of 2 2 6 ~inaexcess of

occur in samples

from sites A, B and D. There is also systematic evidence for an excess of 226Raover
the samples from site C.

in

2 3 8 ~

concentrations in excess of 2 2 6 ~occur
a
in two of the samples

2 3 8 ~

from site A. In all the samples from the remaining six sites the concentrations 2

and 2 2 6 ~ a

3 8 ~

concentrations are within analytical uncertainty of equilibrium and there is no systematic
evidence of disequilibrium.
" 6 ~ and
a =OTh: Concentrations of Z 2 6 and
~ a 2 3 0 ~from
h sites A to F are plotted in Figure 4.4

and the 2 2 6 ~ a f 3 activity
0 ~ h ratios for the samples from sites G, H and I are in Table 4.2.
Significant excesses of 2 2 6 ~over
a its parent 2 3 0 ~occur
h
in a number of samples from sites A
and B, and in all but two of the samples from site D. There is also a systematic tendency for
2 2 6 ~toa be in excess in many samples from site C. All the samples from site A, except one,
show evidence of a small excess of 226Raover 230Th.In site E there is clear evidence of a 2 3 0 ~ h
excess over 2 2 6 ~ aFigure
.
4.4f and the 2 2 6 ~ a / L factivity
0 ~ h ratios in Table 4.2 indicate that the
concentrations of 226Raand ')OTh are within analytical uncertainty of equilibrium in the samples
from sites F, G, H and I.
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228

a within analytical uncertainty of equilibrium with
Ra and 2J2Th: Concentrations of 2 2 8 ~are

2 3 2 ~concentrations
h
at most of the sites examined [Figure 4.6 (a to f ) and Table 4.21.
However, concentrations of 228Raare in excess of 2 3 2 ~byh 24

+ 7% in one of the samples fiom

a
are evident in a number of samples fiom sites B and C.
site A, and 2 2 8 ~excesses
2 2 8 ~and
h 228~a:The concentrations of 2 2 8 ~and
h 2 2 8 ~inaall the samples [Figure 4.6 (a to f )
and Table 4-21are with analytical uncertainty of equilibrium, although there is some sign of an
excess of 2 2 8 ~over
a 2 2 8 ~inhtwo of the samples f?om site B.
It is clear from the above that the 238Udecay series is not in secular equilibrium in most
of the soil samples examined. This observation of disequilibrium in the 238Udecay series in
soils is in agreement with those of other workers [Hamen and Stout, 1968; Megumz, 1979;
Rosholt, 19821. As both decay chains are presumed to be in secular equilibrium in the rocks

fiom which these soils have formed. This disequilibrium implies that nuclides in the

2 3 8 ~

decay series are being differentially redistributed during the soil forming process.
In general, because of the large uncertainties on many of the 238Uanalyses, the 226Rato
"OT~

equilibrium conditions were better defined. Sigruficant excess of 2 2 6 ~over
a 23('Thwere

observed in samples fiom sites A, B, and D. These 2 2 6 ~excesses
a
over =OTh are plotted
against %03 concentration in Figure 4.7. At each site there is a tendency for samples with
the higher %03 contents to have the higher 2 2 6 ~excess.
a
This is consistent with the
suggestion that the redistribution of the 238Udecay series radionuclides is associated with
deposition of the secondary oxides. This is examined krther in sections 4.3.3 and 4.3.4.
The 232Thdecay series was in equilibrium in most of the soil samples examined.
However, there were samples in which concentrations of 2 2 8 ~were
a clearly in excess of U2Th
concentrations. This suggests that 232Thdecay series nuclides are also being differentially
mobilised within the soils. This result is somewhat surprising given the short half-life of 228Ra
(5.75 years) and implies that this redistribution is occurring on a time scale of <30 years. The

presence of this excess has implications for dating sediment movement. This is examined later.
In summary the proposal in hypothesis 1 that "the decay series are in secular
equilibrium in soils" is not supported by the evidence presented above.
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Figure 4.5: 228Rato 232Thequilibrium plots for the soil samples from sites A to F. In each

figure the dashed line represents secular equilibrium. The error bars represent
the analytical uncertainty equivalent to one standard error on the mean, in many
instances these are smaller than the symbol size.

Page 46

Rocks and Soils

.

J
.

-

/

/

/

/

/

h

e'

/

/

Site B
I

1

I

1

<

-

v/{

Site C

r'

/

r'

r'

-

Site D

-

/

1

I

/

/

/

/

/

/

/

I

I

I

I

/

r

d

- Site E

/

/

/

/

/

/

- Site F

-

/

/
I

I

I

/

/

/

/

I

I

/

/

/

I

/

/

#/

I

Figure 4.6: 2 2 8 ~toh 2 2 8 ~equilibrium
a
plots for the soil samples from sites A to F. In each

figure the dashed line represents secular equilibrium. The error bars represent
the analytical uncertainty equivalent to one standard error on the mean, in
many instances these are smaller than the symbol size.

Page 47

Rocks and Soils

I

i
i
i
i
i
i

-

-

Site A ( r2=0.83 )

i

i
i

i

i

Site D (r2=0.78)
V

Site B (r2=0.34)
0
0
0
/-/-

0

Oo
l

Figure 4.7: Concentrations of 2 2 6 ~ina excess of its parent 230Th against Mn,O,
concentrations in soil samples from sites

4B

and D.

In each case the
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a
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equivalent to one standard error on the mean for the calculated 2 2 6 ~excess
all smaller than the symbol sizes.
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4.3.2

and U 2 ~decay
h
series nuclide correlations in soils

2 3 8 ~

As many of the 238Uanalyses had large (>l 0%) uncertainties, the following discussion
of correlations between
')OT~

and 2 3 2 ~decay
h
series nuclides is confined to the relationships of

2 3 8 ~

to 2 3 2 ~and
h 2 2 6 ~toa 232Th. These nuclides were typically determined with random

uncertainties of <3% at one standard error.

4.3.2a = O T ~ and 232Thin soils

The concentrations of 230Thin the soil and rock samples are plotted against the 2 3 2 ~ h
concentration for sites A to F in Figure 4.8 (a to f).
In each case the soil data (closed circles) are consistent with a single regression line
passing through the origin. The data from each site represent soil material developed on a
single rock type. The data therefore indicate that soils developed on a uniform rock type have
a uniform 2 3 0 ~ h / U ratio.
2 ~ h The 2 3 0 ~and
h "Th data for the rock samples fiom each of the
sample groups are all consistent with the regression line fitted through the soil data, and there
is, in each case, good agreement between the ratio in the rock samples and that in the soil
samples. This suggests that the 230Th/U2Thratio in the soils is likely to be inherited directly
fiom the parent rock material
activity ratios for each of the sample groups are
The rock and mean soil 230Thf32Th
shown in Table 4.3.
Table 4.3 : The mean soil and parent rock 2 3 0 ~ v 3ratios
2 ~ h for each of the sample groups
2 ~ h in the soil. Uncertainties are equivalent to
and the range of 2 2 6 ~ a f 3ratios
one standard error on the mean.
Site

Rock type

Soil m ~ h f U 2 ~ h

Soil 1 2 6 W 2 ~ h

~ o cm
k ~hP2~h

Granite
Basalt
Mix sediments
Granite
Dacite
Sandstone
Sandstone
Rhyolite
Basalt
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Figure 4.8 a and b: Concentrations of 2 3 0 ~against
h

232

Th concentrations in the rock

samples (open squares) and soil samples (closed circles) from Site A (Figure
4.8a) and Site B (Figure 4.8b). Data from the Citrate-Dithionite extracts of
selected soils from site A are also shown (open circles).

In each figure the

regression line has been fitted through the soil data and the origin. The error
bars represent the analytical uncertainty equivalent to one standard error on the
mean, in many cases these are smaller than the symbol size.
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Figure 4.8 c and d: Concentrations of ')OTh against

samples (open squares), soil

232

Th concentrations in the rock

samples (closed

circles) and

in the

Citrate-Dithionite extracts of selected soils (open circles) samples from Site C
(Figure 4 . 8 ~ )and Site D (Figure 4.8b). In each figure the regression line has
been fitted through the soil data and the origin. The error bars represent the
analytical uncertainty equivalent to one standard error on the mean, in many
cases these are smaller than the symbol size.
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Figure 4.8 e and f: Concentrations of 230Thagainst

232

Th concentrations in the rock

samples (open squares) and soil samples (closed circles) from Site E (Figure
4.8e) and Site F (Figure 4.8f). In each figure the regression line has been fitted
through the soil data and the origin. The error bars represent the analytical
uncertainty equivalent to one standard error on the mean, in many cases these
are smaller than the symbol size.

Page 52

Rocks and Soils

This table also includes the three rock-soil pairs from sites G, H and I. In each case the
2 3 0 ~ h / 2 3activity
2 ~ h ratios in the soil and parent rock pairs from these three sites are also within
analytical uncertainty of each other. The data in Table 4.3 show that, at all the sites studied,
soils and the rock from which the soils formed have 2 3 0 ~ h / U 2ratios
~ h within analytical
uncertainty. It is therefore concluded that the lithology is the dominant factor controlling the
ratio in soils.
heterogeneity of 230Th/Z32~h
2 ~ h ratio in the soil samples ranges from 1.25 2 0.02 for the samples
The 2 3 0 ~ h / Uactivity
from site B to 0.532 & 0.009 in samples from site D (Table 4.3). While soils developed for a
single uniform rock type have a uniform ratio, soils developed on different rock types can have
2 ~ h suggesting that the
distinctive 2 3 0 ~ h f 3 ratios,

" O T ~ ' ~ T ~

activity ratio may be usefbl in

distinguishing material derived from different lithologies.

4.3.213 Correlations between 2 2 6 ~and
a 232Th

The concentrations of 2 2 6 ~and
a 2 3 2 ~inhthe soil and rock samples from sites A to F are
plotted in Figure 4.9 a to f. The regression lines from Figure 4.8 (a to f) are also shown
together with the rock values. These regression lines should be equivalent to the parent rock
2 2 6 ~ a / 2 3ratio
2 ~ h(if secular equilibrium in the rock samples is assumed).
The 226Raand 232Thdata fiom sites A to E are, in general, more weakly correlated and
h
The
are not completely consistent with the regression lines from the 230Thand 2 3 2 ~data.
2 2 6 ~ a / 2 3activity
2 ~ h ratios have been calculated for the samples from all nine sites and maximum
and minimum values are shown in Table 4.3. In the samples from sites F, G, H and I the 2

3 8 ~

decay series was shown to be in secular equilibrium, consequently, there is good agreement
h 230~h/232Th
ratios at these sites. At the other sites the
between the soil 2 2 6 ~Pa 2 ~ and
2 2 6 ~ a / Z 3ratio
2 ~ his highly variable and often not the same as the 2 3 0 ~ h / 2 3ratio
2 ~ h of the rock
from which the soils are derived. As it is reasonable to assume that the two decay series are in
secular equilibrium in the rocks this indicates that the 2 2 6 ~toa 232Threlationships are not
directly inherited from the parent material but probably results fiom secondary processes
(weathering).
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Figure 4.9 a and b: Concentrations of 2 2 6 ~against
a

232

Th concentrations in the soil

samples (closed circles) from Site A (Figure 4.9a) and Site B (Figure 4.9b).
Data from the Citrate-Dithionite extracts of selected soils (open circles) samples
from Site A are also plotted in Figure 9a.

In each figure the regression line

fitted through the soil thorium data and the origin is shown. Rock values (open
squares) have been plotted assuming secular equilibrium.

The error bars

represent the analytical uncertainty equivalent to one standard error on the
mean, in many cases these are smaller than the symbol size.
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Figure 4.9 c and d: Concentrations of 2 2 6 ~against
a
2 3 2 ~concentrations
h
in the soil samples

(closed circles) from Site C (Figure 4 . 9 ~ and
) Site D (Figure 4.9d). Data from
the Citrate-Dithionite extracts of selected soils (open circles) samples from Site
D are also plotted in Figure 9d. In each figure the regression line fitted through
the soil thorium data and the origin is shown. Rock values (open squares) have
been plotted assuming secular equilibrium.

The error bars represent the

analytical uncertainty equivalent to one standard error on the mean, in many
cases these are smaller than the symbol size.
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Figure 4.9 e and fi Concentrations of 2 2 6 ~against
a
232 Th concentrations in the soil samples
(closed circles) from Site E (Figure 4.9e) and Site F (Figure 4.90.

In each

figure the regression line fitted through the soil thorium data and the origin is
shown.

Rock values (open squares) have been plotted assuming secular

equilibrium. The error bars represent the analytical uncertainty equivalent to
one standard error on the mean, in many cases these are smaller than the symbol
size.
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4.3.3 The effects of weathering on thorium
While the 2 3 0 ~ h / 2 3ratios
2 ~ h in the soils are the same as those in the parent rock, the
absolute concentration of these nuclides varies between the soil and rock samples. Thorium
concentrations in the soil are invariably either higher or lower than those in the parent rock
(see Figures 4.8a to f). This implies that thorium is being mobilised during the weathering
process but that no differential mobilisation of the thorium isotopes is occumng. Scott [l9681
also observed that extensive redistribution of thorium occurred during the weathering process
with no significant fractionation of the thorium isotopes. Sarin et aL, [l9901 also made similar
observations.
The 230Thand 2 3 2 ~concentrations
h
in the citrate-dithionite extractions from samples
from sites 4 C and D (with the exception of some of the lower concentration samples from
site A) are also consistent with the regression line fitted through the soil data and the origin
ratio in the poorly cqstalline iron
(Figures 4.8a, c and d). This indicates that the 230~h/Z32~h
and manganese oxides is the same as that in the bulk soil samples.
The secondary iron and manganese oxides (which are extracted by the
citrate-dithionite solution) are formed as the result of redox reactions in the soil profile. Iron
and manganese are both deposited from solution (in the groundwater) onto the soil particles.
The association of up to 80% of the thorium (in the case of samples from site D) with these
secondary precipitated mineral phases indicates that the thorium must also have been present

in the groundwater. The concentration of thorium in solution as an ionic species is usually
very low (see section 2.4.2). Transport of thorium by groundwater may involve the thorium
isotopes being camed by colloids [Short et al., 19881. As the 230~h/Z32~h
ratio in the extracts
2 ~ h on these colloids
is the same as that of the bulk material this suggests that the 2 3 0 ~ h / Uratio
must be the same as the parent rock material. This has been investigated at site A.

4.3.3a Transport of thorium by groundwater at Site A
Four 20L groundwater samples were collected from the downslope transect at site A
(see Appendix B for details). The pH and electrical-conductivity data for the waters at the
time of collection are presented in Table 4.4. The groundwaters are acid with pH ranging from
4.2 - 5.6 and have low electrical-conductivity.
Water samples were filtered through 0.45pm membrane filters. The 2L filtrate was
then acidified. In one of the samples (Awl) the concentration of dissolved colloids was
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Table 4.4: Groundwater electrical-conductivity and pH at the time of
sampling, Geebung Creek catchment.

Awl
Aw2
Aw3
Aw4

EC (mS cm-')
122
160
171
175

sufficiently high that these precipitatedflocculated immediately after the filtering, and prior
to the acidification.
The concentrations of ')OTh and ')'Th in the water samples are plotted in Figure 4.10.
h 232Thconcentration data for the
The soil "O~hf"Th ratio line is also shown. The 2 3 0 ~and
four water samples are all consistent with the soil 2 3 0 ~ h / 2 3ratio
2 ~ hline. The low solubility of
thorium [Langmuir and Herman, 19801 and the precipitation/flocculation reaction which
occurred after filtering of sample Awl (which had the highest thorium concentrations)
strongly suggests that the thorium in these 0.45km filtered waters is associated with colloids.
These colloids have the same 230~hf32Th
ratio as the parent rock, and so trapping of these

-.
Awl

Soil =OThP3*Th line

Figure 4.10: Concentrations of ')OTh against 232 Th concentrations in the groundwater
ratio line. The
samples from Site A. The line shown is the soil U0~h/232Th
error bars represent the analytical uncertainty equivalent to one standard
error on the mean.
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colloids by iron and manganese oxide in the soil profile would result in the oxides having the
same 2 3 0 ~ h / 2 3ratio
2 ~ has the parent rock, as was observed above.

4.3.4 The effects of weathering on radium
In section 4.3.1 it was shown that soil samples which had high 2 2 6 ~excess
a
over 2 3 0 ~ h
were generally those which had the higher

m03contents. This was particularly evident for

the samples from site D. The 226Raand 2 3 2 ~data
h from the citrate-dithonite extractions of soil
samples from sites A and D are plotted in Figures 4.9 (a and d) respectively.
Unfortunately, none of the extracts of samples from site A which had a large 2 2 6 ~ a
a 232Thconcentrations in the citrate-dithionite
excess were analysed for 226Ra. The 2 2 6 ~and
extractions in the other samples (A1 to A12) are generally consistent with the regression line
fitted through the soil data and the origin (Figures 4.9a). This indicates that, in these samples
a , 2 2 6 ~ a / Uratio
2 ~ h in the secondary iron and manganese oxides
with small excesses of 2 2 6 ~the
is similar to that in the parent rock.
The 2 2 6 ~and
a 232Thconcentrations in the citrate-dithionite extracts from the samples
fiom Site D (Figure 4.9d) shows that with one exception more thorium was extracted than
226Ra. In samples with low 2 2 6 ~excess,
a
little of the radium was extractable by the
citrate-dithonite solution, even though in some cases a large fraction of the 2 3 0 ~was
h

+ 0.05 indicating that
However, 30 + 2% of the 2 3 0 ~and
h

extractable. For example, in sample D1 the 2 2 6 ~ a / 2 3ratio
0 ~ hwas 1.06
these nuclides were in equilibrium in the bulk sample.
only 6.0

+ 0.6% of the 226Rawas extractable.

This implies that these nuclides are present in

very different sites on the grains. The thorium is associated with more easily reduced sites
than the supported radium. Similar observations have been made by Short et al., [l9881 in
ferricretions.
The citrate-dithonite extracted a large proportion of the excess "%a (Figure 4.11)
present in samples from site D. This confirms that the excess radium is associated with the
iron and manganese secondary oxides as was suggested in section 4.3.1, and indicates that the
variations in the 2 2 6 ~ a / 2 3ratio
2 ~ hevident in soils developed on a uniform rock type probably
result from the sorbtion/co-precipitationof radium with the iron and manganese oxides.
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Figure 4.11: Citrate-dithionite extractable 2 2 6 ~against
a
excess 2 2 6 ~ina samples from site
D. Error bars represent uncertainties equivalent to one standard error on the
mean.

4.4 Summary
Soil and rock samples from nine sites have been studied, and the radionuclide
equilibrium conditions and the relationships between the 2

and 232Thdecay series nuclides,

3 8 ~

particularly those between 2 3 0 ~and
h 2 3 2 ~ and
h , 2 2 6 ~and
a 232Th,were examined at each of the
sites. It was shown that.:
1. The proposal in hypothesis 1 that "the decay series are in secular equilibrium in soil

material" was not supported by the evidence presented in this chapter. The 2

decay

3 8 ~

series was not in secular equilibrium in most of the soil samples examined. While the
"Th decay series was usually in equilibrium, concentrations of " ' ~ awere in excess of
2 3 2 ~concentrations
h
in a number of samples. As both decay chains are expected to be
in secular equilibrium in the rocks from which these soils have formed, the observed
disequilibrium implies that nuclides in this decay series are being redistributed during
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the soil forming process. The short half-life of 2 2 8 ~
(5.75
a years) means that in some
instances this redistribution is occurring on a time scale of <30 years .
2. Soils developed on a uniform rock type have a uniform 230~hlL32~h
ratio. This ratio

may vary from one rock type to another and so soils developed from different rock
ratios. It is concluded that the lithology is
types can have distinctive 230~h/Z32~h
probably the dominant factor controlling the heterogeneity of 2 3 0 ~ h / 2 3ratio
2 ~ hacross
the landscape.
3. The 226~a/232Th
ratio in soils was found to be highly variable and typically not the same

as the 2 3 0 ~ h / 2 3ratio
2 ~ hof the rock from which the soils were derived. As it is
reasonable to assume that the two decay series are in secular equilibrium in the rocks
h
are not directly inherited from the
this indicates that the 2 2 6 ~toa2 3 2 ~relationships
parent material but probably result from second.ary processes (weathering).
4. While the 230Th/U2Th
ratios in the soils were the same as the parent rock ratio, absolute

concentration of these nuclides varied between the soils and rock samples. This
implies that thorium is being mobilised during the weathering process but that no
differential mobilisation of the isotopes is occumng. Citrate-dithionite extraction
showed that a large proportion (up to 80%) of the thorium may be associated with the
secondary iron and manganese oxides. Iron and manganese are both deposited from
solution (in the groundwater) on to the soil particles. The association of the thorium
with these secondary precipitated mineral phases indicates that the thorium must also
have been present in the groundwater. The concentration of thorium in solution as
ionic species are usually very low and it is suggested that colloid transport of the
thorium was probably the dominant mechanism. As the 23@Th/U2Th
ratio in the extracts
was mainly the same as that of the bulk material this suggests that the 2 3 0 ~ h / Uratio
2~h
on these colloids must be the same as the parent rock material. This was shown by
direct measurement to be the case at site A.
5. Soil samples which had high 226Raexcess over ')OTh were generally those which had

the higher

m03content. This was particularly evident for the samples from site D.

Citrate-dithionite extracted a large proportion of the excess 2 2 6 ~present
a
in samples
from this site. This indicates that the excess radium was predominantly associated with
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the iron and manganese secondary oxides and that the variations in the 226~a/232Th
ratio, evident in soils developed fiom a uniform rock type, may result fiom the
deposition of radium in association with the iron and manganese oxides in excess of its
parent 2 3 0 ~ h .
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Chapter 5: The Effects of Fluvial Processes on
and 232ThDecay Series Nuclides

2381)

In the previous chapter the links between the rock and soil compartments in the
activity ratio of soils
erosion cycle were investigated. It was shown that the 230~hf32Th
~ h of the parent rock.
developed from a uniform rock type were the same as the 2 3 ~ h / U 2ratio
The 226Raf32~h
ratio was found to be more variable and commonly not the same as the rock
ratio in soils was in general due to the presence of an
ratio. The variability of the 226~a/Z32~h
a its parent =OTh. This excess was considered to be primarily associated
excess of 2 2 6 ~over
with the secondary iron-manganese oxides. This chapter investigates the effects of fluvial
transport, defined here as the movement of material by water, on the radionuclide
concentrations and correlations present in soil, in order to develop an understanding of the
links between the soil and sediment compartments in the erosion cycle.

5.1 Fluvial Transport
Fluvial transport produces changes in the characteristics of the material being
transported (Figure 5.1). In general, the average size of particles decrease, while the degree of
sorting and the average roundness increase with distance travelled. These changes result from
a combination of selective transportation and particle abrasion [Krumhein and Sloss, 1963;
Moss et al., 19731. These processes act over the entire landscape; overland flow and rivers
transport solids by the same mechanisms [ Moss and Walker, 19781. For simplification all of
these processes will be considered to be fluvial in the remainder of this thesis.

Average Roundness

*.-..-..-..-..-..-..-..-..-.....
Average particle diameter
I

Distance Downstream --------c

Figure 5.1: Diagram showing changes in the average size of particles, degree of sorting
and the average roundness with distance travelled (&er Krumbezn and Sloss,
1963).
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Krurnbein and Sloss [l9631 suggest that selective transportation is the most important

mechanism by which these changes occur, with grain abrasion perhaps contributing only about
10%. Selective transportation result in the separation of sediment grains by particle size,
shape and density. Of these three sorting parameters particle size is considered to be the most
important.
In this chapter the effects of fluvial transport on the nuclide concentrations and
correlations present in soils have been investigated by measuring radionuclide concentrations
in artificially sorted (by both particle size and by density) and abraded soil material from the

sites discussed in Chapter 4.

At the end of the chapter radionuclide concentrations in

sediments derived from fluvial transport of soil material are compared to those produced by
artificial sorting of soil from the same site.

5.2 Samples and Sample Treatment
5.2.1 Particle size sorting
A subsample of selected samples from each of the sites (except site E) examined in
Chapter 4 was separated into various size fractions by wet sieving (Section 3.3.4b). The
details of the samples used in this part of the study and the fractions analyses are presented in
Table 5.1. All of the particles size fractions were analysed by gamma spectrometry (Section
3.3.1.a) and all the particle size fractions from at least one sample from each site were
analysed by alpha spectrometry (Section 3.3. l b).

5.2.2 Sorting by density
The effects of sorting by density were investigated by examining radionuclide
concentrations in the heavy mineral fraction from selected soil samples (A13, A1 8, B 12 C 13,
D1, D9, F8, and HI). Separation was done at a density of 2.95g cm-3(Section 3.3.4a). This
separates the primary and secondary heavy minerals from the major soil minerals (quartz,
feldspar and clay). This separation produces the most marked contrast in mineralogy and
consequently any effects of density sorting on the lithogenic radionuclides should be apparent
in the fractions produced by this separation.
All of the density separates were analysed by alpha spectrometry for thorium isotopes.

Concentrations of

were determined by alpha spectrometly in samples A13(1) and A18,

all other 2 2 6 ~analyses
a
were done by gamma spectrometry. The mineralogy of the heavy
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Table 5.1: Details of samples used to determine the effects of sorting by particle size on
2 3 8 and
~
232Thdecay series nuclides.
Site Sample Code

A

Al, A18
A1 3, A1 6

Size Fractions Separated

< 6 3 63~ - 1 2 5 125-250pm,
~
250-500pm, 0.5-1.41.4-2.0m and >2mm.
<38pm, 38 - 63pm, 63 - 125pq 125-250pm, 250-500pm, 0.5-1.4mm, 1.4-2.0>2mm.

mineral separates was determined by a combination of XRD and microscopy examination
(Section 3.3.3).

5.2.3 Grain abrasion
Three contrasting soil samples were used to examine the effects of grain abrasion on
radionuclide concentrations;
Sample A l : a quartz-rich granitic soil which showed little evidence of the development of

secondary iron oxides, and consisted predominantly of quartz and feldspar.
Sample D9: This is also a granitic soil but shows significant iron oxide formation evident in

the presence of iron-manganese concretions. Sample mineralogy consists of
clay, quartz, feldspar and secondary Fe-Mn oxides.
Sample 11: Fine grained basaltic soil which consisted mainly of clay and iron oxides.

The samples were first wet sieved to remove the <38 pm fraction. This fraction is
normally separated from the bulk material during the initial stages of fluvial transport and is
mainly carried in suspension, consequently it is probably not subjected to significant abrasion
effects. The samples minus the <38pm fraction were then abraded (as described in Section
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3.3.4~). The abraded sample was then wet sieved and the <38pm fraction was again
separated; as there was no <38pm material in the samples prior to abrasion this fraction must
have been produced by the abrasion of the coarser grains. The <38pm and >38pm fractions
produced by the abrasion were analysed by both alpha spectrometry and gamma spectrometry.
Particle size distribution both before and after abrasion were determined by wet sieving of
subsamples of the bulk material.

5.2.4 Comparison of the effects of fluvial transport and artificial mixing
and sorting
Sediment was detached and transported from a 12m X 12m plot at site F (described in
Appendix B) by artificial ramfall of controlled distribution and intensity, both suspended and
bedload sediment samples were collected. The radionuclide data from these fluvial sorted
sediments were then compared to those of the particle size and density fractions from Sample
F8. (Sample F8 consists of 20 subsamples collected from lcm deep 20

X

20 cm surface

scrapes from within the 12m X 12m area.)
Run-off from the site was directed by means of plastic lined channels through a
discharge measuring flume into a plastic pond. Water from the pond was then pumped into a
continuous flow centrifuge (Alpha-Laval, model no. MAB 103b) (from now on referred to as
CFC). In this way, sediment of particle size greater than about 1pm was collected from the
water. A total of 18 samples were collected over a period of 260 minutes. Samples were
prepared by oven drying at 50°C. The sample size was generally small (<log) and all of the
material was used for analysis by gamma spectrometry. A total of three coarse grained
samples were collected at the end of the run from sediment fans developing in front of the
flume. These were bulked into 1 sample and subsamples of this were prepared for analysis as
above.
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5.3 Results and Discussion
The following sections examine the radionuclide concentrations in soil fractions
produced by:
(i) sorting by particle size
(ii) sorting by density
(iii) grain abrasion followed by sorting by particle size
in order to determine the relationships between U8Uand 232Thdecay series nuclides likely to be
present in sediments derived from soils from the various sites.

The correlations and

concentration ranges produced by artificial sorting are then compared to those produced by
fluvial transportation at site F.

5.3.1 The effects of sorting by particle size
The gamma and alpha spectrometry analyses of the particle size fractions are presented
in Appendix C, Table C4. The XRF analyses of selected samples are presented in Appendix
D.

5.3.la U o ~and
h ='Th
The 2 3 0 ~and
h 2 3 2 ~concentrations
h
in the various size fractions fiom soils from site A
are plotted against median particle size in Figures 5.2 (a) and (b). The UOThconcentrations
are plotted against 2 3 2 ~concentrations
h
in these fractions in Figure 5 . 2 ~ .This is repeated for
sites B to I (except E) in Figures 5.3 to 5.9. In each of the 2 3 0 ~toh 232Thfigure, the rock
2 3 0 ~ h / 2 3ratio
2 ~ hline is shown (solid line) together with the 66% (10) confidence limits (dashed
lines). The data from each site are discussed in turn.
Site A (bedrock = granite): The concentrations of 2 3 0 ~and
h 232Thin the various size fractions

from the samples from site A vary markedly with particle size, the finer fractions having the
higher concentrations (Figures 5.2 a and b). The 230Thand 232Thdata in these various particle
size fractions are all consistent with the rock 230Th/232~h
line with all the data lying within the
66% confidence limits. The data spread along the line in order of particle size.

Site B (basalt): There is not a strong dependence in the concentration of 2 3 0 ~orh 2 3 2 ~on
h

particle size in this basaltic soil sample [Figure 5.3 (a) and (b)] and the >2mm fraction has the
highest "OTh and 232Thconcentration. The data are however all consistent with the rock
2 3 0 ~ h l Uline
2 ~ h(within 2 a ) [Figure 5.3~1.
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Rock q h m h ratio line

Figure 5.2: Concentrations of 23('Th(a) and 232 Th (b) against median particle size in the
fractions from soil samples A1 (closed circles) and A1 8 (open triangles).
Th (c) in the various particle size fractions.
Concentrations of 2 3 0 ~against
h
The solid line represents the rock 230~h/232~h
ratio and the dashed lines are the
66% confidence limits on this ratio. The error bars represent the analytical
uncertainty equivalent to one standard error on the mean, in many cases these
are smaller than the symbol size.
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Particle Diameter (mm)

Rock 2 3 0 T W T hratio line

Figure 5.3: Concentrations of 2 3 0 ~(a)
h and 232 ~h (b) against median particle size in the
h
232 Th (C)in the
fractions fiom soil sample B 13. Concentrations of 2 3 0 ~against
various particle size fractions. The solid line represents the rock 230Th/U2~h
ratio and the dashed lines are the 66% confidence limits on this ratio. The error
bars represent the analytical uncertainty equivalent to one standard error on the
mean, in many cases these are smaller than the symbol size.
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Figure 5.4: Concentrations of 2 3 0 ~(a)
h and Th (b) against median particle size in the
fkactions from soil sample C 13. Concentrations of 2 3 0 ~against
h
232 Th (C)in the
various particle size fkactions. The solid line represents the rock U0Thf32Th
ratio and the dashed lines are the 66% confidence limits on this ratio. The error
bars represent the analytical uncertainty equivalent to one standard error on the
mean, in many cases these are smaller than the symbol size.
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h and 232 Th (b) against particle size in the fractions
FigUre 5.5: Concentrations of 2 3 0 ~(a)
from soil samples D1 (closed circles) and D9 (open circles). Concentrations of
2 3 0 ~against
h
232 Th (C)in the various particle size fractions. The solid line
ratio and the dashed lines are the 66%
represents the rock
confidence limits on this ratio. The error bars represent the analytical
uncertainty equivalent to one standard error on the mean, in many cases these
are smaller than the symbol size.
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Figure 5.6: Concentrations of 230Th(a) and 232 Th (b) against particle size in the fi-actions
from soil sample F8. Concentrations of ')OTh against 232 Th (C)in the various
particle size fractions. The solid line represents the rock 2 3 0 ~ h f 3ratio
2 ~ hand
the dashed lines are the 66% confidence limits on this ratio. The error bars
represent the analytical uncertainty equivalent to one standard error on the
mean, in many cases these are smaller than the symbol size.
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Figure 5.7: Concentrations of 2 3 0 ~(a)
h and 232 Th (b) against median particle size in the
fractions from soil sample G1. Concentrations of ')OTh against U2 Th (C)in the
various particle size fractions. The solid line represents the rock 230Th?32~h
ratio and the dashed lines are the 66% confidence limits on this ratio. The error
bars represent the analytical uncertainty equivalent to one standard error on the
mean, in many cases these are smaller than the symbol size.
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Figure 5.8: Concentrations of 2 3 0 ~(a)
h and 232 Th (b) against median particle size in the
fractions from soil sample H l . Concentrations of = O T ~ against 232 Th (C)in the
various particle size fractions. The solid line represents the rock 230Th/Z32Th
ratio and the dashed lines are the 66% confidence limits on this ratio. The error
bars represent the analytical uncertainty equivalent to one standard error on the
mean, in many cases these are smaller than the symbol size.
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Figure 5.9: Concentrations of Z)@Ih' (a) and 232 Th (b) against median particle size in the
h
'"Th (c) in the
fractions fi-om soil sample 11. Concentrations of 2 3 0 ~against
various particle size fractions. The solid line represents the rock 230~h/232Th
ratio and the dashed lines are the 66% confidence limits on this ratio. The
error bars represent the analytical uncertainty equivalent to one standard error
on the mean, in many cases these are smaller than the symbol size.
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Site C (mixed sediments): The 2 3 0 ~and
h 2 3 2 ~concentrations
h
do not vary systematically with

particle size in the fractions from soil sample C 13 (F'igure 5.4 a and b). Though the <63pm
fraction does have the highest concentration of both nuclides and the '500pm the lowest. The
"OTh and 2 3 2 ~data
h are again consistent with the rock 230~h/Z32Th
ratio line from this site (4
point within 1 o, 1 point within 2 a), although there is a slight systematic tendency for the
particle size data to lie below the average rock ratio line.
Site D (granite): The 2 3 0 ~and
h 232Thconcentrations in the fractions from sample D1 do vary,

increasing systematically as particle size decreases (Figure 5.5 a and b). The concentrations in
fractions from the coarser grained, more iron-rich sample D9 do not vary monotonically with
particle size, being highest in the finer fraction, lowest in the 2 5 0 - 5 0 0 ~fraction, and then
increasing as particle size increase.
The "OTh concentrations are plotted against Z 3 2 ~concentration
h
in Figure 5 . 5 ~ .These
nuclides are correlated and all the size fractions from both samples are within analytical
ratio line.
uncertainty of the rock 230Th/Z32~h
Site F (sandstone): The concentrations of 230Thand 2 3 2 ~vary
h systematically with particle size

with the finer fractions having the highest concentration of both nuclides (Figure 5.6 a and b).
The 2 3 0 ~and
h U2Thdata are again consistent with the rock U 0 ~ ~ratio
2 line
~ hwith all the
data within l a of the line.
Site G (sandstone): The finest fraction (<2pm) contains the highest 2 3 0 ~ h / 2 3concentration
2~h

(Figure 5.7 a and b), but there is only a weak systematic variation in concentration with
particle size in this soil. As at previous sites the 2 3 0 ~and
h 2 3 2 ~concentrations
h
in all of the
ratio line
particle size fractions are within analytical uncertainty of the parent rock 230Th/Z32Th
(Figure 5 . 7 ~ ) .
Site H (rhyolite): In this sample (HI) the 230Thand 232Thconcentrations vary systematically

with particle size (Figure 5.8a and b) with the finer fractions having the higher concentrations.
ratio line, with all the
The 230Thand 232Thdata are all consistent with the rock 230~h/Z32~h
points within 1 a (Figure 5 . 8 ~ ) .
Site I (basalt): Concentration of 230Thand 2 3 2 ~doh not vary systematically with particle size in

this basaltic soil (Figure 5.9 a and b). The data are however all consistent with the rock
230~h/212~h
line (5 data points within 10, 3 within 20).
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In each of the above cases, all the particle size fractions had 2 3 0 ~ h p within
2 ~ h 2 G of
the rock ratio line with 47 of the 57 (82%) fractions measured, falling within 1 o of the rock
ratio. It is therefore concluded that sorting by particle size of soil derived from a uniform rock
type will produce size fractions in which the concentration of 230Thand 2 3 2 ~may
h vary, but the
230~h/U2Th
ratio will be the same as that of the parent rock.

5.3.lb U 6 ~and
a 232~h
Site A (granite): The

concentrations in the various size fractions from the four samples

(Al, A13, A16 and A18) are plotted against median particle size in Figure 5.10 (a). In each
case the

concentrations vary systematically with particle size, with the finer fractions

having the higher concentrations. The only exception to this is the >2mm fraction from
sample A13. This fraction contained several large blocks (2

X

2 cm) of well indurated iron

concretion.
a
are plotted against 2 3 2 ~concentration
h
in Figure 5.10 (b). The
The 2 2 6 ~concentration
concentrations of 232Thwere not explicitly measured in the fractions from samples A13 and
A16. However, they have been estimated from the 228Raand 228Thconcentrations and the bulk
soil 2 2 8 ~ a / Uratios
2 ~ h by assuming that this ratio is constant for all the size fractions. If the
> 2 m fraction from A13 is excluded, the 226Radata from the particle size from each of the

h
Regression lines fitted through each
samples are linearly correlated with 2 3 2 ~concentrations.
of the data sets all pass through the origin. However, the slopes of the regressions are distinct
(0.586 2 0.005, 0.937 2 0.008, 1.78 2 0.04 and 0.529

+ 0.004 for samples Al, A13, A16,A18

respectively).
The above data indicate that separation by particle size of soil material from a point in
2 ~ h but
the Site A catchment will produce particle size fractions with a uniform 2 2 6 ~ a P ratio
that this ratio may vary from one sampling point to another in the catchment. The correlation
between 2 2 6 ~and
a 232Thsuggests that these nuclides are being held in similar sites on the soil
grains. This is discussed further in section 5.3. l c.
Site B (basalt): While the 226Raconcentrations in the size fractions from these soils vary

systematically with particle size, with the finer fractions having the higher 2 2 6 ~concentrations
a
h
(Figure 5.1lb).
(Figure 5.1la), they are only weakly correlated with 2 3 2 ~concentrations
(Note : In this plot the U2Thconcentrations in the size fractions from samples B8 to B 11 and

B 13 have been calculated from the 2 2 8 ~and
a 2 2 8 ~data
h assuming secular equilibrium. This is a
reasonable assumption as (i) the 2 3 2 ~decay
h series was found to be in secular equilibrium in all
Page 77

Eflects of Fluvial Transport

Particle Diameter (mm)

Rock 230Th/232Thratio line

0

50

100

150

200

250

300

PZTh, Bq kg-'

Figur.e 5.10: Concentrations of 2 2 6 ~(a)a against median particle size in the fractions from
soil samples A1 (closed circles), A13 (open circles), A16 (open squares) and
A1 8 (open triangles). Concentrations of 226Raagainst 232 Th (b) in the various
particle size fractions from these samples. The solid line represents the rock
230~h/Z32~h
ratio and the dotted lines are the 66% confidence limits on this
ratio. Regression lines (dashed) have been fitted through each of the data sets.
The error bars represent the analytical uncertainty equivalent to one standard
error on the mean, in many cases these are smaller than the symbol size.
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Figure 5.11: Concentrations of 2 2 6 ~(a)a against median particle size in the fractions from
a
232 Th @) in the
soil samples B8 to B 13. Concentrations of 2 2 6 ~against
various particle size fractions from these samples. The solid line represents
the rock 230~h/Z32~h
ratio. The error bars represent the analytical uncertainty
equivalent to one standard error on the mean, in many cases these are smaller
than the symbol size.
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Figure 5.12: Concentrations of 226Ra(a) against median particle size in the fractions from
soil sample C3. Concentrations of 2 2 6 ~against
a
"'Th (b) in the various
particle size fractions from these samples. The solid line represents the rock
2 3 0 ~ h f 3ratio,
2 ~ h and the dashed lines are the 66% confidence limits on this
ratio. The error bars represent the analytical uncertainty equivalent to one
standard error on the mean, in many cases these are smaller than the symbol
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Figure 5.13: Concentrations of 226Ra(a) against median particle size in the fractions from
soil samples D 1 and D9. Concentrations of 2 2 6 ~against
a
232 Th (b) in the
various particle size fractions from these samples. The solid line represents
the rock 2 3 0 ~ h / Uratio,
2 ~ h and the dashed lines are the 66% confidence limits
on this ratio. The error bars represent the analytical uncertainty equivalent to
one standard error on the mean, in many cases these are smaller than the
symbol size.
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Figure 5.14: Concentrations of 2 2 6 ~against
a
232Thconcentrations in the various particle
size fractions from samples (a) F8, (b) G1, (c) H1 and (d) 11. The solid line
2 ~ h and the dashed lines are the 66%
represents the rock 2 3 0 ~ h f 3ratio,
confidence limits on this ratio. The error bars represent the analytical
uncertainty equivalent to one standard error on the mean, in many cases these
are smaller than the symbol size.
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the bulk samples used here, and (ii) in all the size fractions from sample B13). The poor
a 2 3 2 ~concentrations
h
suggests that these nuclides are not
correlation between the 2 2 6 ~and
bound in similar sites in each of the soil particle size fractions. This is examined further in
section 5.3. lc.
Site C (mixed sediments): The 2 2 6 ~concentrations
a
in the size fraction from sample C13 do

not vary systematically with particle size with the highest concentration being in the 63-125pm
and 232Thare poorly correlated in the

fraction (Figure 5.12a). The concentrations of
particle size fractions fiom this soil (Figure 5.12b).

Site D (granite): Again the concen~trationsof 2 2 6 ~doa not vary systematically with particle

size in soil fractions from this site (Figure 5.13 (a)). The highest concentrations occur in the
>2mm and 2-1.4mm fractions. The 2 2 6 ~and
a 2 3 2 ~concentrations
h
are poorly correlated with
2 2 6 ~ a f 3ratio
2 ~ hranging from 0.34 2 0.02 to 3.28

+ 0.16.

Sites F (sandstone), G (sandstone), H (rhyolite) and I (basalt): Concentrations of 230Thand
226

Ra were within analytical uncertainty of equilibrium in the bulk samples fiom these sites.

~h,
and 2 2 8 ~ h f 2activity
8 ~ a ratios for the various particle size fractions
The 2 2 6 ~ & 3 0228~a/Z32~h
from the samples from each of these sites are presented in Table 5.2. In each case the
parent-daughter concentrations are within analytical uncertainty of equilibrium (with the
0 ~ h for 10-20mrn Fraction from 11). Consequently the 2 2 6 ~toa
exception of the 2 2 6 ~ a f 3 ratio
2 3 2 ~plots
h (Figure 5.14 a, b, c and d) are comparable to the 230Thto 2 3 2 ~plots
h and the 2 2 6 ~ a
to 2 3 2 ~data
h are largely consistent with the parent rock 2 3 0 ~ h / Uratio
2 ~ h lines.
The above data from eight sites and 17 soil samples indicated that separation of soil
material in which the 226Raand "OTh concentrations were in equilibrium will produce size
fractions with a uniform 226R&32Th
ratio which is the same as the parent rock ratio. In soil
samples in which the concentration of 2 2 6 ~was
a in excess of 2 3 0 ~the
h various particle size
fractions generally had variable 2 2 6 ~ l P ratios.
2 ~ h The one exception to this was the data fiom
the four soils from Site A, in which each sample produced size fractions which had a uniform
2 2 6 ~ a / Uratio
2 ~ h (with the exception of the >2mm fraction fiom A13) but this ratio varied from
a 2 3 2 ~are
h present on similar
soil sample to soil sample. This indicates that at this site 2 2 6 ~and
sites on the soil grains. In order to understand why Site A soils were generally different from
those of the other sites which had a 226Raexcess, the mechanism controlling the distribution of
the radionuclides in the soil particle size fractions fiom Sites 4 B and D have been examined
fbrther.
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Table 5.2: The 2 2 6 ~ a / U,02~2h8 ~ # 2 ~
and
h 2 2 8 ~ h f 2activity
8 ~ a ratios for the various particle
size fractions from the samples fiom sites F,G,H and I

Fraction
Sample F8
<63 pm
63-125 pm
125-250 pm
250-500 pm
>500 pm

226~a/L30T
h

2 2 8 ~ a / h2 3 2 ~

228~h/128~a

0.959.07
0.929.05
0.90_+0.07
1.179.18
0.959.19

0.969.05
0.85+0.05
0.979.10
l .08fl.14
1.129.20

1.069.02
1.039.04
1.089.09
0.919.08
0.83fl.07

1.00_+0.06
l.OO_+o.O8
1.05+0.08

1.00fl.03
1.00_+0.07
l.OO_+0.12
1,179.12

1.019.02
1.039.07
1 . 0 w .13
0.859.09

l .059.09
0.969.05
0.96fl.05

1.00_+0.07
1.02fl.08

0.969.05
0.959.07

0.979.12
0.809.05
0.849.06
0.869.05
0.929.05
l.08_+0.10
1.08fl.05

1.00H. l l
0.993.07
1.01+0.07
0.979.06
1.039.06
l. 113.10
l.Ol+o.O5

1.059.06
0.979.05
0.9w.03
0.9m.04
1 .O 1 9 . 0 3
0.989.03
0.989.02

Sample G1
2-63 pm
63-125 pm
250-500 pm
0.5-1.4 mm

Sample H1
<2 pm
125-250 pm
250-500 pm

Sample I1
2-10 p
10-20 pm
20-38 pm
38-63 pm
63-125 pm
125-250 pm
250-500 pm

5 . 3 . 1 ~Mechanism controlling the distribution of radionuclides in the soil
particle size fractions
Site A : The concentrations of 2 2 6 ~"'aT,h and 232Thin the soil particle size fiactions fiom the

four soil samples from this site were strongly dependent on particle size with the finer fractions
having the higher concentrations. The concentration of all these nuclides decreased as particle
size increased. The systematic variation in nuclide concentrations with particle size suggests
that the nuclide concentrations are dependent on some parameter associated with particle
diameter. Megumi et al., [l9821 found that the lithogenic radionuclides were primarily surface
sorbed in the granite soils they examined. This may be the case for the soils from Site A.
The surface areas of the various particle size fractions have not been explicitly
measured. However, sample A 1 8 contained concentrations of the fallout nuclide I3'Cs. This
nuclide is a product of nuclear weapons testing and consequently has only been present in the
environment for the last 40 years. It is reasonable to assume that this fallout nuclide is
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primarily bound on the surface of the soil particles. The concentrations of 2 2 6 ~ "aO,T ~ and
2 3 2 ~inh the various particle size fractions from sample A18 have been plotted against 1 3 7 ~ s
concentration in Figure 5.15. Concentrations of all of these lithogenic nuclides are correlated
with the 1 3 7 ~concentration
s
with

l2

>0.95. This correlation suggests that the lithogenic

radionuclides are primarily surface bound in the particle size fractions from this soil sample.
Significant concentrations of 13%s were not present in the other soil samples from this
site, and so another method of estimating the relative surface area of the different size
fractions is required in order to determine whether the nuclides are also correlated with
surface area in these other samples. The relative surface area (surface area per kg) of the
different particle size fractions can be defined as :
Relative Surface Area =

Surface Area

X-

1
Density (m2/kg)

If it is assumed that the particles are spherical and have a uniform density then the
surface area ratio (SAR) of one particle size to another may be calculated as:

S, and S, are the relative surface areas of particle size fractions f and n respectively and r, and
r, are the radii of the two size fractions. If we let r, = Imm then

in which r, is the radius of size fraction fin millimetres. Using this formula it can be seen that
a lmm diameter particle has a relative surface area twice that of a 2 m particle. So a lmm
(dia) particle has a S-

= 2;

a 0.5mrn (dia) particle S-

=4

and so forth. The S-

has been calculated for each of the size fractions from the sample A18, using the median
diameter of each fraction. This calculated parameter is plotted against 137Csconcentration
from the various size fractions in Figure 5.16. There is a good correlation evident between
this fallout nuclide and the calculated S-,

suggesting that the S A R , provides a

reasonable approximation of the relative surface areas of each of the size fractions.
Concentrations of uOTh and 2 3 2 ~inh the various particle size fractions from samples
Al, A13, and A16 are plotted against calculated S A R , in Figure 5.17. There is a good

correlation between these nuclides and the S-

(both ? > 0.95). This strongly suggests

that these nuclides are all primarily surface bound in these Site A soils.

Similarly,

concentrations of 2 2 6 ~inathe size fractions from each of the samples are also correlated with
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Figure 5.15: Concentrations of 226Ra,23@Thand 232 ~h against I3%s concentrations in the
various particle size fractions from sample A18. The error bars represent the
analytical uncertainty equivalent to one standard error on the mean, in many
cases these are smaller than the symbol size. Regression lines are shown.
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Figure 5.16: Concentrations of '"CS against calculated surface area relative to the 2mrn
fraction ( S W for the various particle size fractions from sample A18.
The error bars represent the analytical uncertainty equivalent to one standard
error on the mean, in some cases these are smaller than the symbol size.
Regression line (dashed) is shown.
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Figure 5.17: Concentrations of 2 3 0 ~(closed
h
circles) and 232 ~h (open circles) against
in the various particle size fractions from samples Al, A13
calculated S%
and A16. The error bars represent the analytical uncertainty equivalent to one

standard error on the mean, in some cases these are smaller than the symbol
size. Lines represent regressions fitted through each of the data sets.

Figure 5.18: Concentrations of 2 2 6 ~against
a
calculated S&
in the various particle size
fractions from samples A1, A13 and A1 6. The error bars represent the
analytical uncertainty equivalent to one standard error on the mean, in many
cases these are smaller than the symbol size. Lines represent regressions fitted
through each of the data sets.
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the calculated S-

, but the correlation is different for each of the samples, suggesting that

a unit area differs from sample to sample.
the concentration of 2 2 6 ~per
Site B: In contrast to the large change in 23Thand 2 3 2 ~concentrations
h
with particle size in

samples from Site A, there was little dependence of thorium concentrations on particle size in
the fractions from soil sample B12. The 2 3 0 ~and
h 2 3 2 ~concentration
h
in the various size
fractions from this sample are more or less constant. This suggests that these nuclides are not
primarily surface bound in this basaltic soil but are probably uniformly distributed throughout
the soil grains.
a vary systematically with particle size, being highest in
The concentrations of 2 2 6 ~did
the finest fraction in these samples. The difference between the thorium and radium particle
size dependency results from the presence of a 2 2 6 ~excess
a
(up to 144%) in the samples. The
excess 226Rahas been calculated for all the particle size fractions fiom sample B8 to B13 by
ratio. This excess 2 2 6 ~isaplotted against I3%s concentrations
assuming a constant 230Th/U2Th
in Figure 5.19.
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Figure 5.19: Concentrations of 22'6Ra
excess against 13%sin the various particle size
fractions from samples B8 to B 13. The error bars represent the analytical
uncertainty equivalent to one standard error on the mean, in some cases these
are smaller than the symbol size. The dashed line represent the regression fitted
through all the data except the one outlier (<63pm fraction from sample B12).
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These two parameters are well correlated (9= 0.76, ignoring the <63pm fraction from
sample B12 ) suggesting that the 2 2 6 ~excess
a
is predominantly surface bound in these soils.
The poor correlations evident between 2 2 6 ~and
a 2 3 2 ~inh the particle size fractions (Figure
5.12b) presumably arises from most of the thorium isotope concentrations being distributed
through the grains while a significant fraction of the 2 2 6 ~(up
a to 60%) is present on the
surfaces.
Site D: The concentrations of "OTh and 2 3 2 ~inh the particle size fractions from sample D1

decreased systematically with increasing particle size, suggesting that these thorium isotopes
may be correlated with surface area. The correlation (r10.85) between the concentrations of
2 3 2 ~and
h the calculated S A R , of the particle size fractions (Figure 5.20) would tend to
support this idea. Conversely, the data from sample D9 (Figure 5.20) would suggest that the
thorium isotopes were not correlated with surface area in the fractions from this sample.
It was shown in chapter 4 that a large fraction (up to 80%) of the thorium isotopes are
present in the secondary iron and manganese oxides in the soils from this site, and that "OTh
and 232Thconcentrations are well correlated in these oxides. The concentrations of 2 3 2 ~inh
particle size fractions from sample D9 are plotted against total Fe20, contents in Figure 5.21.
There is a good correlation between total iron content and Z 3 2 ~
concentrations
h
in the coarser
fractions (?=0.93).

However, the <38pm fraction does not lie on this regression (as the

thorium isotopes are correlated this is also the case for 2 3 0 ~concentrations).
h
These data suggest that thorium concentrations in the different size fractions in soils
from this site may be dependent on both grain surface area and iron content. However, there
is insufficient data to clearly resolve these relationships, although it is very likely that the
distribution of both 230Thand 232Thare controlled by the same mechanisms (see Fig. 5.5).
The concentrations of 226Rain excess of its parent "OTh in the soils fiom this site were
shown in chapter 4 to be primarily associated with the secondary manganese oxides. The 2 2 6 ~ a
excess concentration in the particle size fractions from samples D1 and D9 are plotted against
Mn304contents in Figure 5.22. There is a good correlation between total Mn,O, content and
excess 226Raconcentrations in the particle size fractions from both D1 and D9 (?=0.78 and
0.93 respectively), suggesting the 226Raexcess in the individual size fractions is also primarily
associated with the secondary manganese oxides. It was suggested above that the thorium
isotopes are also to some extent associated with the secondary oxide. It is therefore surprising
a 232Thare poorly correlated in the different size fractions. Citrate-dithionite
that 2 2 6 ~and
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Figure 5.20: Concentrations of 2 3 2 ~against
h
calculated Sin the various particle size
fractions from samples Dl(c1osed circles) and D9 (open circles). The error
bars represent the analytical uncertainty equivalent to one standard error on
the mean, in some cases these are smaller than the symbol size. The line
represents the regression fitted through the D1 data set.

120

4

(3 c38pm fraction

Figure 5.21: Concentrations of 2 3 2 ~against
h
Fe20, contents in the various particle size
fractions from sample D9. The error bars represent the analytical uncertainty
equivalent to one standard error on the mean. The line represents the
regression fitted through the data (except the <38pm fraction).
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Figure 5.22: Concentrations 226Raexcess against m O , in the various particle size
fractions from samples Dl(c1osed triangles) and D9 (open triangles). The
error bars represent the analytical uncertainty equivalent to one standard error
on the mean, in most cases these are smaller than the symbol size. The lines
represent regressions fitted through each of the data sets.

extraction data from the bulk soils presented in chapter 4 showed that while the 230~hlU2Th
ratio in the poorly crystalline oxides was constant, 2 2 6 ~ a / 2 3ratio
2 ~ h in these oxides was
a U 2 ~inhthe
variable. It is likely that the generally poor correlation evident between 2 2 6 ~and
particle size fractions (particular in sample D9) result from the excess radium being distributed
differently from the thorium isotopes in secondary oxides.
The data from the three sites examined above suggest that the reason the
concentrations of 2 2 6 ~and
a 2 3 2 ~were
h correlated in the size fractions from the Site A soils,
a
was that in the site A soils the
and not in those from other sites which had large 2 2 6 ~excess,
excess 2 2 6 ~was
a bound to similar sites as the thorium isotopes. Whereas i,nthe soils from the
other sites, the distribution of the thorium isotopes and the

excess were controlled by

different mechanisms. At Site A the radionuclides are mainly surface bound; at Site B the
thorium isotope data suggests that these nuclides are predominantly present in the grain matrix
a
is surface bound; and at Site D, although the 2 2 6 ~excess
a
and a
whereas the 2 2 6 ~excess
proportion of the thorium isotopes are associated with the secondary iron and manganese
oxides, these oxides had variable 2 2 6 ~ a / U 2ratios
~ h indicating that the nuclides were not
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uniformly distributed in the oxides. This variability may have arisen as a result of non-uniform
deposition, or as a result of varying times since deposition of the 226Raexcess.

5.3.2 The effects of sorting by density
In this section the radionuclide concentrations in the >2.95 g cm" density fractions

from selected soil samples are examined. The mineralogy and radionuclide analyses of the
>2.95 g cm-' fractions are presented in Table 5.3, together with the relevant weight percent of
the total sample. The 230~h/U2Th
and 226~a/U2Th
activity ratios have been calculated for the
2 ~ hparent rock
>2.95 g cm" and are presented in Table 5.4. The bulk soil 2 2 6 ~ a / U and
"OThlU2Th ratios are also presented in Table 5.4. From the activities and the percentage of the
total sample (wt%) of heavy fractions (>2.95 g cm-3) it can be seen that removal of this
fraction will not significantly alter the nuclide ratio in the lighter fraction (<2.95 g cm-'),
consequently this fraction will have the ratios indistinguishable from those of the bulk soil.

5.3.2a

= O T ~

to U 2 ~ h

The 2 3 0 ~ h / 2 3activity
2 ~ h ratio in the heavy fraction from all the samples are consistent
with the parent rock 230~h/232~h
ratio. This is irrespective of whether the separates are primary
or secondary minerals. This suggests that sorting soil material by density will produce
2 ~ h is the same as the parent rock.
Fractions in which the 2 3 0 ~ h / Uratio

5.3.2b U 6 ~toaU 2 ~ h
In the primary heavy minerals separated from samples A13 and A18 the concentrations
of 226Raand 2 3 0 ~are
h within analytical uncertainty and are indistinguishable from equilibrium.
This not surprising given that these: are primary rock forming minerals. Consequently the
2 2 6 ~ a / Uratios
2 ~ h are the same as the parent rock (within analytical uncertainties).
In the secondary heavy minerals analysed for 226Ra,the concentrations of 226Raand
230

Th are clearly not in equilibrium (Table 5.3) with 226Raconcentration in each case in excess

of 2 3 0 ~ hThe
. more indurated iron oxides (A13iii) hand-picked from the A13 heavy fraction
have 2 2 6 ~ a / 2 3ratios
2 ~ h within analytical uncertainty of the bulk soil ratio. This is however not
the case for the more poorly crystalline iron oxides from this sample (A13ii) or the
iron-manganese oxides separated from samples D1 and D2. This suggests that sorting of soil
ratio is variable.
material by density may produce fractions in which the 226Ra/232Th
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Table 5.3: The radionuclide concentrations, mineralogy and the calculated percentage of
the total sample for the s2.95g cm-3fractions from selected soil samples. All
radionuclide activities are reported as Bq kg-'. Uncertainties are equivalent to
one standard error on the mean.

Sample
A I 3i
A13ii
At 3iii

Description
Anatase,rutile,biotite
Secondary Fe Oxides
Haematite

Secondary iron oxides
Secondary Fe-Mn Oxides
Secondary Fe-Mn Oxides
Secondary Fe-Mn Oxides
Haematite
Secondary Fe Oxides

P

-

Table 5.4:

-

p

-

p
-

The 226~a/232Th
and 230'T'h/232Th
ratios in the >2.95g cm" fractions from
selected soil samples. The relevant rock and soil ratios are included for
comparison. Uncertainties are equivalent to one standard error on the mean.

>2.95 g cm"
226Ra/232Th 230Th/232Th

Rock

Soil

='TWTh

=RaP2Th
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5.3.3 The effects of grain abrasion
Three soil samples have been used to examine the effects of grain abrasion on
radionuclide concentrations and ratios:
Sample A l : a quartz-rich granitic soil which showed little evidence of the development of
secondary iron oxides, and consisted predominantly of quartz and feldspar.
Sample D9: This is also a granitic soil but shows significant iron oxide formation evident in
the presence of iron-m,anganeseconcretions. Sample mineralogy consists of
clay, quartz, feldspar and secondary Fe-Mn oxides.
Sample 11: Fine grained basaltic soil which consisted mainly of clay and iron oxides.
The samples were first wet sieved to remove the <38pm fraction and then were shaken
in water for a period of 62 hours (section 3.3.4~). The samples were again wet sieved
following the abrasion and the radionuclide analyses of the <38pm and >38pm fractions after
abrasion, and the weight % (of the total) of each fraction are presented in Table 5.5. As there
were no <38pm grains in the samples prior to the abrasion, this fraction must consist of grain
fragments produced by the abrasion of the >38pm fractions.
The weight % data indicate that 90% of sample 11, 70% of sample D9 and only 14%
of sample A1 were reduced to grains <38pm in diameter. This is as would be expected from

Table 5.5: Radionuclide analyses of the <3 8pm and >38pm fractions after grain abrasion,
and weight% of the total sample abraded. All radionuclide activities are
reported as Bq kg-'. Uncertainties are equivalent to one standard error on the
mean.

Abraded Fractions from Sample A I

@M

>38~ r n 46.721.5
c38 pm 45.0k1.5

50.820.8
47.8k0.8

83.2k1.4
81.3i1.6

84.321.3
82.3k1.4

86%
14%

>38pm
c38 pm

Abraded Fractions from Sample D9
1 6522
37.0k1.5
42.1k2.5
94.9,tl.6
130~4
137k4

42.421.l
13 3 ~ 3

30%
70%

27k6
22.920.6

1 0%
90%

18.6k1.2
76k3

81,t2

Abraded Fractions from Sample II

>38pm
24k2
<38pm 19.1k1.5

23k2
17.220.7

28k2
22.521.9

31~8
23.8k1.6
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Table 5.6: Calculated Radionuclide ratios of the <3 8pm and >3 8pm fractions after grain
abrasion. The relevant rock and soil ratios are included for comparison.

Uncertainties are equivalent to one standard error on the mean.
23('ThP3Th 226Ra/23Th
Sample A I
>38 pm 0.56 + 0.02
0.60 2 0.02
c 3 8 pm 0.56 + 0.02
0.59 + 0.02
Sample D9
>38 pm 0.50 + 0.04
4.47 + 0.19
c 3 8 pm 0.59 + 0.03
0.73 + 0.03
Sample I1
>38 pm 0.86 0.09
0.82 + 0.09
c 3 8 pm 0.85 0.10
0.76 + 0.07

+
+

Rock
Soil
230ThP37h *8RdQ32Th
0.56 + 0.06

0.60 -+:
0.03

0.55 2 0.04

0.68 j3.02

0.84 + 0.04

0.84 j: 0.04

the mineralogy of the samples. Sample A1 consisted largely of quartz and feldspar grains
which are likely to be more resistant to abrasion than the iron oxide and clay composite grains
which are present in sample I1 and the secondary oxides in D9.
The concentration of the various nuclides in <3 8pm and >3 8pm fra~ctionsproduced by
abrasion of sample A1 are comparable (Table 5.5). The concentrations are also similar in the
fractions fiom sample 11. However, comparison of the fractions from sample D9 shows that
the thorium isotopes are present in higher concentrations in the fine fraction, whereas the 2 2 6 ~ a
is higher in the residual (>38pm)fraction.
The 230~hf32Th
and 226Raf32~h
ratios are presented in Table 5.6. The parent rock
2 3 0 ~ h f 3and
2 ~ bulk
h soil 226Ra/232Th
ratios are also presented for comparison. In each case the
fractions produced by abrasion have 230Th/2)2Th
ratios within analytical uncertainty of the

parent rock ratios, suggesting that this ratio is not affected by grain abrasion during sediment
transport. Similarly the 226Ra/232Th
ratios in the fractions from A1 and I1 are comparable to
the parent rock ratio (assuming secular equilibrium in the rock). The concentrations of 23('Th
and 2 2 6 ~were
a within analytical uncertainty of equilibrium in the A1 and I1 bulk soils, this is
also the case in the fractions produced by abrasion (compare figures in Table 5.5). This
suggests that abrasion of soil material in which concentrations of 2 2 6 ~and
a 230Thare in secular
equilibrium will produce fractions with a uniform 2 2 6 ~ a / 2 3ratio
2 ~ h which will be within
analytical uncertainty of that in the parent rock.
The concentration of 2 2 6 ~inasample D9 was shown to be in excess of its parent 2 3 0 ~ h
in section 4.3.1. This is also the case in the fractions produced from this sample by the
Page 95

Eflects of Fluvial Transport
abrasion experiment (Table 5.5). The 2 2 6 ~ a / Z 3ratios
2 ~ h in these fractions (Table 5.6) differ
from each other and from the ratio in the bulk soil, suggesting that abrasion of soil material in
a '"OTh not in secular equilibrium may produce fractions with
which concentrations of 2 2 6 ~and
~ a r i a b l e ~ ratios.
~ ~ ~ The
d ~ 2~2 ~
6 ~excess
ha
is greatest in the residual fraction. These data are
consistent with the citrate-dithionite data which showed that more thorium was extractable
a , suggests that the radium was more tightly bound to the grains
from this sample than 2 2 6 ~and
than the thorium. The data from the abrasion experiment indicate that the excess radium is
held largely on or in the core of the grains, and not in the surface iron-oxide coating.

5.3.4 Comparison of fluvial and artificial mixing and sorting
The effects on the lithogenic radionuclide correlation of sorting soil material by particle
size and density have been discussed above. In this section these effects are compared to
those of natural sorting produced by fluvial transport. This work was done at Site F. Both of
the decay series were considered to be in secular equilibrium at this site (Chapter 4 section
4.3.1)
A representative sample of the surface material F8 was made by combining 20 (lcm
deep) subsamples from within a 12m X 12m plot. Sorting by particle size and density of this
sample (discussed above) was shown to produce fractions with a uniform 2 2 6 ~ f 1 2ratio
~h
consistent with that of the parent rock. The plot was then subjected to rainfall of controlled
intensity and volume. Sediment washed from the site was collected as described in section
5.2.4. Radionuclide concentration and ratios in these sediment samples are presented in
Appendix C, Table C.5.
The 226Raand u2Th data fro111the sediments (CFC and bedload) collected from the site
8 ~ a has been calculated and is 0.99
are plotted in Figure 5.23. (The mean U 8 ~ h / U ratio

0.05.

h been calculated from the weighted mean of the 2 2 8 ~and
h 228~a
The concentration of 2 3 2 ~has
concentrations for all samples assuming secular equilibrium. This assumption is reasonable at
this site given the data presented in section 4.3.1). The rock 2 2 6 ~ a / U ratio
2 ~ h line and the
concentration data from the fractions produced by the sorting of sample F8 are also shown in
this figure. The CFC sediment data are generally consistent with the rock ratio line, as is the
bedload sample. The spread in the c:oncentration data in these samples is similar to that in the
artificially produced fractions. Consequently, it is concluded that both artificial and fluvial
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Figure 5.23: Concentrations of 2 2 6 ~against
a
232Thin the CFC (closed circles) and bedload
(closed square) sediment samples from site F, and in the fractions produced
by artificial sorting of sample F8 (open circles). The error bars represent the
analytical uncertainty equivalent to one standard error on the mean, in some
cases these are smaller than the symbol size. The solid line represents the
parent rock 2 2 6 ~ a / Uratio.
2 ~ h The dashed lines correspond t:o uncertainties of
one standard error on this ratio.

sorting of material from this site have had a comparable effect on the radionuclide
concentrations and ratios in the fractions and sediments produced.

5.4 Summary
Fluvial transport results in the sorting by particle size and density and in abrasion of the
material being transported. In this chapter it has been shown that:
1. The particle size and density fractions of soil samples have constant 2 3 0 ~ h / 2 3activity
2~h

ratios. This ratio is unaffected by grain abrasion and is consistent with the parent rock
2 3 0 ~ h . f 3ratio.
2 ~ h It is confidently predicted that fluvial transport of soil material will
result in sediments which have a uniform

ratio, independent of which

particle sizes or densities are sampled. The value of this ratio will be dependent on
U/Th ratio of the rock from which the soil was formed.
2. In soils in which the concentrations of 2 2 6 ~and
a

were in secular equilibrium the

2 2 6 ~ a / Z 3ratio
2 ~ hbehaved similarly to that of 2 3 0 ~ h / U 2and
~ h the
, 226~p2T
ratios
h in
-
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sediments derived fiom these soils are also expected to be the same as the parent rock
U/Th ratio.
3.

In soils which had large 2 2 6 ~excess
a
over 2 3 0 ~concentrations
h
sorting (by both
particle size and density) and grain abrasion produced fractions which had variable
2 2 6 ~ a f 3ratios.
2 ~ h This was shown at two of the sites examined to be due to the
thorium isotopes and the 2 2 6 ~excess
.a
being differentially distributed on or in the soil
grains. Sediments derived fiom these soils are expected to have highly variable
226Raf32~h
ratios which would not easily be related to those of the bulk soils, or those
of the parent rock.

4. An exception to (3) above wias observed in the soils from site A. The 2 2 6 ~excess
a
in

these soil samples was shown to be correlated with surface area. The thorium isotopes
were distributed similarly. Sorting by particle size of individual soil samples from this
ratio. This ratio
site produced fractions which generally had a uniform 226~al?32Th
varied from soil sample to soil sample. While sorting by density was shown to produce
heavy mineral fractions with variable 226~@2Th
ratios, these fractions were only a
small percentage of the total soil and are therefore unlikely to dominate the
radionuclide signature of the sediments derived fiom these soils. Consequently it is
expected that fluvial transport of soils from point sources in this catchment will
produce sediments with constant 226~al?32Th
ratios but this ratio may vary from one
point to another depending on the degree of 2 2 6 ~excess
a
at that location in the
catchment.
5. Sorting by particle size and density of bulked surface soil from Site F produced

and
a 2 3 2 ~were
h correlated. Sediments eroded
fractions in which concentrat;ionsof 2 2 6 ~
a 2 3 2 ~concentrations
h
which were
from the same site by fluvial process had 2 2 6 ~and
consistent with this correlation and had a comparable spread. It is concluded that
particle size and density separation during transport are mechanisms by which the
correlation observed between lithogenic radionuclides in transported sediment may
originate.
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Chapter 6: Lithogenic Radionuclides in Coarse
Grained Sediments
The previous chapters have focused on lithogenic radionuclides in fine grained
material. This chapter studies the behaviour and distribution of lithogenic radionuclide
concentrations in coarse grained sediment (0.5-1 mm), in order to specifically address the
third hypothesis proposed in chapter 3:
In coarse grained material (sands) " ' ~ a and 2 3 2 ~are
h primari1.y associated
with resistate heavy minerals. Density separation of these minerals from the
gangue results in the correlations observed in modem sediment..
The junction of the Snowy River and Wullwye Creek was chosen for this study.
Sediment sample mineralogy, particle size range and chemistry, are all ex,amined in an effort
to test the above hypothesis and to determine what mechanism controls the distribution of
radionuclides in these coarse grained sediments. At the end of the cha-pter the use of the
radionuclide data in providing sediment source information in these coarse grained sediments
at this site is also assessed.

6.1 Site Description
The Snowy River was dammed near its head waters to form Lake Jindabyne in the
1967. Wullwye Creek, the first major tributary below the dam, joins the Snowy River 20km
downstream of the structure (Fig 6.1). The dam provides an effective trap for 0.5-lmm sand
particles; however in-channel storage (in the river below the dam) of material derived from
above the dam prior to its construction is probable.
The geology of the region is reported on the Bemdale 1:100 000 geological sheet
[White et al., 19761.

Wullwye Creek drains the Dalgety Granodiorite, an S-type

biotite-granodiorite of Silurian age, which outcrops over about 300 km2. This granite is part
of the Bemdale Batholith.
The geology of the Snowy River upstream from the Wullwye Creek junction is
dominated by three major granites: (i) Kalkite Adamellite, (ii) Mowamba Granodiorite (iii)
Bullenbalong Granodiorite. These are all large (>300 km2) biotite rich S-type granites of the
Kosciusko Batholith [Chappell et al., 19911. The river channel also passes through minor

p
-
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Figure 6.1: A sketch map of the Snowy River-Wullwye Creek Junction showing
sampling locations and sample codes.

sections of Hornblende-biotite tonlalite and short sections of Ordovician sandstones and
shales.

6.2 Sampling and Sample Treatment
The field sampling was canied out by Caitcheon et al., [l9911 as part of a sediment
sourcing study on the Snowy River. Sampling of the Wullwye Creek /Snowy River junction
consisted of taking 5 grab samples of sediments in the active beds of the streams, from 500m
long reaches upstream and downstream of the confluence. Sampling locations and sample
numbers are shown in Figure 6.1. Each grab sample included up to 50 sub-samples (bulked
in the field) to ensure a representative collection. These samples were wet sieved to obtain
the 0.5-lmm fraction, which was then analysed for mineral magnetics and radionuclide
content (by gamma spectrometry).

In this study the samples collected by Caitcheon et al., [l9911 have been analysed by
alpha spectrometry to determine the concentrations of the thorium isotopes (Section 3.3. l b).
Major element concentrations have been determined by XRF (Section 3.3.2b). Detailed
sample mineralogy has been determined by a combination of microscopic examination, XRD
analysis (Section 3.3.3) and heavy mineral separation (Section 3.3.4a).

The fractions

produced by heavy mineral separation have been bulked to provide 3 samples (1 from each
arm) and these have been analysed by alpha spectrometry.
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6.3 Results and Discussion
The radionuclide and major element analyses are presented in Appendix E, Tables E l
and E2 respectively. The following sections first describe (i) sample mineralogy (ii) the
radionuclide equilibrium conditions (iii) concentration ranges (iv) correlations between 238U
and 2 3 2 ~decay
h
series nuclides. Then radionuclide analyses of the heavy mineral fractions
and major element analyses of the sediment samples are used to determine which

mechanisms control the distribution of the radionuclides in these coarse grained sediments.
Finally, both the radionuclide and chemical data are used to provide information on the
sources of the sediment.

6.3.1 Sediment mineralogy
The mineralogy of the sediment samples was all very similar.

They consist

predominantly of a two component mixture of quartz and feldspar with minor biotite, apatite
and magnetite. In general the grains were sharp and angular, though some round grains of
feldspar were present. The samples from the Snowy River, both upstream and downstream
of the junction, were darker in appearance than those from Wullwye Creek, probably due to
the presence of heavier iron staining on the grains.

This was the only mineralogical

difference detected between sediments from the two arms.
Microscopic examination of the heavy mineral separates indicated that many of the
biotite grains had partial oxide coating, as did many of the magnetite grains. Most of the
biotite grains were well preserved. As biotite is a well cleaved mineral which is easily
broken, this suggests that they had not been transported a great distance.
The sediments are dominated by primary minerals with only very minor secondary
minerals present (mainly Fe oxides).

6.3.2 Equilibrium conditions
The relevant parent/daughter plots are presented in Figure 6.2 (a-dl).
Concentrations of

and 230Thin the individual samples (Fig 6.2a) are within analytical

2 3 8 ~

uncertainty of equilibrium, although there is a tendency for

to be in excess of 230Thin

2 3 8 ~

a in excess of 2 3 0 ~in
h 8 out of 15 samples
most of the samples. The concentration of 2 2 6 ~are
(Fig. 6.2b); this is independent of the sampling locality.
a 228Thare within analytical uncertainty of equilibrium
Concentrations of 2 2 8 ~and
(Fig.6.2 d). The 2 2 8 ~concentrations
a
are in excess of 232Thin most of the samples collected
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.Snowy

upstream

Figure 6.2: Radionuclide daughter to parent concentration plots for the Snowy
a
River-Wullwye Creek confluence samples, a) 230Thagainst 2 3 8 ~ , b) 2 2 6 ~against
')OT~,c) 2 2 8 ~against
a
232Thand d) 228Thagainst 2 2 8 ~ aIn. each case the solid line
represents secular equilibrium. Error bars represent uncertainties equivalent to
one standard error on the mean.
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226Ra excess, Bq kg-l

Figure 6.3: Concentrations of 2 2 8 ~excess
a
over 232Thagainst 2 2 6 ~excess
a
over 230Thfor the
samples from the Snowy River-Wullwye Creek confluence. Symbol are as in
Figure 6.2. Error bars represent uncertainties equivalent to one standard error
on the mean.
from the Snowy River both upstream and downstream of the confluence (Fig 6.2~). In the
samples collected from Wullwye Creek there is a tendency for 232Thto be in excess of 2 2 8 ~ a .
2 2 6

The 2 2 6 ~and
a 2 2 8 ~excess
a
have been calculated and are plotted in Figure 6.3. The
and
~ ~ 228
Ra excesses are generally weakly correlated (l2 = 0.37) with an intercept

consistent with zero (0

+ 4).

The correlation between these nuclides' excesses is better

defined in the data from the Snowy river upstream of the junction (I? = 0.86) . The presence
a 2 2 8 ~excesses
a
suggest that both nuclides have been deposited on the
of the 2 2 6 ~and
sediments either in the soil profile prior to transportation or from the river. Given that the
concentrations of 2 2 8 ~are
a in equilibrium with 2 2 8 ~ that
h , is the 2 2 8 ~excess
a
is old compared
a been recently
to the half-life of 228Th(1.8 years), it is unlikely that the excess 2 2 8 ~has
sorbed. This implies that 2 2 8 ~isa not being deposited on to the sediment from the river
a
probably developed in the soil profile. If this is the case the
water, and that the 2 2 8 ~excess
excess could be expected to begin to decay back to equilibrium following transportation.
a
in the Snowy River samples probably indicates that these
Thus, the presence of a 2 2 8 ~excess
sediments have been in transport for a relatively short time, probably less than 4 half-lives of
2 2 8 ~(-20
a years).

6.3.3

U

8

and
~ * 2 ~ series
h
nuclides concentration ranges and correlations

The radionuclide concentration ranges, relative standard deviations (ie. standard
deviatiodmean value) and the ratio of maximum/minimum concentrations are presented in
Table 6.1. The spread in concentration in the samples collected from the Snowy River, both
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Table 6.1: Radionuclide concentration ranges and the relative standard deviations (ie.
standard deviation/mean value) and maxfmin ratio for samples collected from
the Snowy River-Wullwye Creek confluence. The least significant figures
represent uncertainties equivalent to one standard error.
Range

Mean

Relative StD

M W n

7.6, - 13.0,
8.'t12- 1l.SlO
17.9,, - 25.6,,

9.5,
9.9,
19.7

21%
12%
16%

11.71 + 0.18
1.4 + 0.2
1.43 + 0.10

17.3,,

19%

:1.64+ 0.13

275

40%
44%
45%
47%

3.2 + 0.3
4.5 + 0.2
4.6 2 0.3
5.36 k 0.15

33%
39%
34%
37%

2.8 + 0.3
2.8 + 0.3
2.29 0.14
:2.49+ 0.12

Wullwye Creek

230Th
226~a
232111

228~a
14.5,, - 23.8,
Snowy River Upstream
230"rh
11.9, - 37.7,,
226~a
10.6, - 47.7,,
232111
19.6,, - 90,
228~a
17.8, - 95.4,,
Snowy River Downstream
23%
16.8,, - 47,
226~a
20.6,, - 57.3,
232111
37.6i5- 864
228~a

39.3,, - 97.9,

316

5911
6213

304
336

538
581~

upstream and downstream of the junction is much greater than that present in the samples
collected from the Wullwye Creek. Samples from Wullwye Creek also have the lowest
absolute concentrations.

The maxlmin concentration ratios for the Wullwye Creek samples

are all <1.8 This ratio ranges from 2.29 to 5.36 in the samples from the Snowy River.
The concentrations of 230Thand 232Thare plotted in Figure 6.4a.

Concentrations of

these nuclides are correlated in the samples from the Snowy River upstn:am of the junction

(?=0.976). The regression line fitted through these data has a slope of 0.40 5 0.04 and an
intercept close to zero (3 + 2). Similarly the nuclides are correlated in the sample collected
from the Snowy River downstream of the junction (?= 0.84); The regression line is within
uncertainty of the upstream data (slope of 0.52 + 0.12 and intercept of 3 + 5). As expected
from the concentration data the Wullwye Creek samples plot as a tight cluster, and the data
are consistent with both regression lines.
The 2 2 6 ~and
a 232Thconcentration are plotted in Figure 6.4b. These nuclides are also
correlated in the Snowy River samples. However, the slopes of the correlations (0.52

0.03

and 0.70 + 0.10 upstream and downstream respectively) are greater than rhose of the 2 3 0 ~toh
232Thcorrelations. This is because of the presence of the 226Raexcess m
i the samples. The
h are consistent
intercepts for both the regression lines fitted through the 2 2 6 ~toa 2 3 2 ~data
with zero (1

+2

and -4

+4

respectively).

The data from the samples collected from
Page 104

Lithogenic Radionuclides in Coarse Grained Sediments

0
0

Snowy River Upstream
Snowy River Downstream
Wullwye Creek

V h , Bq kg-'

25

50

75

T h , Bq kg-'

Figure 6.4: Concentrations of 2 3 0 ~(a)
h and 2 2 6 ~(b)
a against 2 3 2 ~concentrations
h
in
samples from the Snowy River-Wullwye Creek junction. The lines shown
are regressions fitted through the respective data groups. Error bars represent
uncertainties equivalent to one standard error on the mean, in some cases
these are smaller than the symbol size.
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Wullwye Creek are again consistent with both regression lines.

6.3.4 Controlling mechanisms
In chapter 5 it was shown that correlations between

and 232Thdecay series

2 3 8 ~

nuclides similar to those in Figure 6.3 (a and b) could be generated by sorting soil material
by both particle size and/or density.

Each of these sorting mechanisms also resulted in

separation of mineral fractions, for instance: sorting by particle size concentrates the clay
minerals in the finest fraction; separation by density sorts the heavy minerals such as apatite
and rutile from the lighter quartz and feldspar. In the following sections an attempt is made
to consider particle size separation and mineral sorting separately.

6.3.4a Particle size separation
In order to assess whether the correlations and spread in radionuclide concentrations
result solely from differences in particle size distributions of the sediment samples, the
sediment mineralogy has to be ignored. Consequently in this section the sediments are
considered to consist of particles which differ from one another only by particle size and the
radionuclides are considered to be primarily surface sorbed. Finer fractions consequently
have higher concentrations because they have greater relative surface area (RSA as defined in
chapter 5, section 5.3. lc).
The samples from the Snowy River - Wullwye Creek junction have a narrow particle
size range of 0.5-1 mm (diameter). A 0.5 mm diameter particle has a RSA of only twice that
of a 1.0 mm diameter particle (assuming uniform geometries and roughness). If particle size
was the main factor controlling the spread in the radionuclide concentrations, then the ratio
of maximum concentration to minimum concentration would not be expected to exceed -2.
The maxlmin concentration ratios for the Wullwye Creek samples are all d . 8 (Table
6.1) it is therefore possible that particle size variations control the spread in concentrations in
these samples. However, in the samples from the Snowy River this ratio ranges from -2.3 to
-5.4, this suggest that another parameter such as mineralogy is the: main controlling
mechanism in these samples.
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6.3.4b Mineral separation
If the correlation and spread in radionuclide concentrations evident in Figure 6.3 (a
and b) results from differences in the mineralogy of the sediment samples then the
radionuclides should be primarily associated with mineral fractions which can be separated
by fluvial transport. The hypothesis proposed at the beginning of this chapter stated that the
226

Ra and 232Thare primarily associated with resistate heavy minerals which may be fluvially

separated because of density difference.
Density separations (section 3.3.7b) were undertaken on each sample to separate the
quartz and feldspar from the minor heavy minerals (biotite, apatite and magnetite). The
heavy minerals were then combined to give 3 samples (one from each of the arms). These
were analysed by alpha spectrometry and the thorium results are presented in Table 6.2.

Table 6.2: The thorium isotope concentrations (Bq kg-') in the
heavy mineral fractions of the samples collected from
the three arms at junction of the Snowy River and
Wullwye Creek.
2
3
0
m

Wullwye Creek
Snowy upstream
Snowy downstream

119+4
77 5 3
637 + 4

The fraction of heavy minerals required to account for all the activity in the bulk
samples is calculated to be between 10 - 57% in the samples from the Snowy River upstream
of the junction, 10 - 16% for samples from the Wullwye Creek and 20 - 52 % for samples
from the Snowy River downstream. The maximum percentage of heavy minerals extracted
from any sample was 4.5%(after two extractions). While it was noted that a large number of
biotite grains in particular remained in the light residue, due to rafting on lighter grains, none
of the samples were considered to have heavy mineral content >6%. It is therefore unlikely
that the heavy minerals are the dominant source of activity in the samples.
Obtaining pure separations of the other mineral phases present in the samples would
require sorting by hand, which is both difficult and time consuming. Consequently another
indirect method has been used to determine which of the mineral phases control the
radioactivity in the samples. As the sediment samples consist predominantly of primary
minerals which in general have well defined stoichiomeuies it is possible to calculate the
sample mineralogy from its major element analysis.

(A number of methods exist for

calculating the mineralogy from a chemical analysis see Wedepohl [l9691 for examples). An
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adaptation of the CIPW norm method has been used here. The sample mineral assemblage
(section 6.3.1) has been used with two additions; pyrite (FeS,) and corundum (Al,O,) have
been included to account for the S and excess A1 respectively. It is recognised that these
minerals probably do not occur in the samples and that the S, excess A1 and some of the Fe
(and other elements) are likely to be present as poorly crystalline oxides/hydroxides.
However, this method should provide good quantitative estimates of the major components

quartz and feldspar (K-feldspar and plagioclase). The mineral assemblage and the idealised
chemical formulas used are presented in Table 6.3.
Table 6.3: Mineral assemblage and the idealised chemical
formulas used in calculating mineral percentages.
Mineral

Symbol

4um

@

K-Feldspar
P1agioclase

Or

Ab
An

Apatite
Ilmenite
Magnetite
Pyrite
Corundum
Biotite

AP
il
Mt

PY
Cor
Bi

Formula
Stoichiometric Weight
SiO,
60.06
KAISi203
278.25
262.15
Na[AlSi,O,]
Ca[Al,Si,O,]
278.14
Ca5(PO4)3OH
502.35
FeTi 0,
151.75
Fe304
23 1.55
F62
119.98
&2O3
101.94
KMg2Fe[AlSi301,]
430.76

Table 6.4: An example of the calculation of the sample mineralogy from the chemical
data for sample WUS,
p
p

Qz

Or

Ab

An

Ap

Bi

11

Mt

Py

p

p

Cor

0.043

1.1017

0.0064
0.0032
0.0096

0.07 18 0.0430 0.0 184
0.1436 0.1290 0.0184

0.0299

0.008
0.0001
0.07 18

0.0032
0.0092 0.0013
0.0011
0.0003
0.0032 0.0011 0.0132 0.010005

Mineral wt
Mineral %

66.76
63.64

19.98 11.27 2.56
19.08 10.76 2.46

0.13
0.12

1.43 0.17
1.36 0.17

1.019
0.97

0.006 1.51
0.006 1.43
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An example calculation is given in Table 6.4. The wt% oxide is first converted to moles of
cation per lOOg . Na is only contained in Albite plagioclase (Ab) which has a molecular
formula of Na[AlSi,O,].
concentration of Na.

The molar portion of Ab is therefore equal to the molar

In the case of sample WUS,, a Na20 concentration of 1.334 wt%

converts to 0.0430 moles of Na per l O g , implying there is 0.0430 moles of Ab in lOOg of
this sample. Multiplying this by the molecular wt of Ab given in Table 6.4, this gives 11.3g

Ab per lOOg of sediment or 11.3(wt)% Ab. A1 and Si are assigned in molar proportions (ie.
Na:Al 1:1 and Na:Si 1:3). The percentage of the other mineral phases are then calculated in
the order Ap, An, Bi, Or, il, Py; the remaining iron has been calculated as Mt; the remaining
Si as Qz; and remaining A1 as Cor. The calculated mineral assemblages are presented in
Table 6.5.
The heavy mineral content has been calculated by summing all the components other
than feldspar and quartz. The range of these estimates for each group is broadly consistent
with the observed values, and is very much lower than required for the heavy minerals to
account for the total activity present in the bulk samples.

Table 6.5: Percentage normative mineral fractions calculated from the chemical analyses of
the samples collected from the Snowy River-Wullwye Creek Junction.

WUSl

wus2
wus3
wus4
wus5

Cor

Bi

Mt %heavy

1.43
1.03
1.48
1.58
1.51

1.36
1.16
1.21
1.08
1.40

0.97
0.83
0.85
1.01
0.87

4.1
3.4
3.9
4.0
4.1

SW1
SW2
Su-W,
SW4
SW5
SDW,
SDW,
SDW3
SDW4
SWD,
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Using the calculated mineralogy, it is now possible to determine with which mineral
phases the radionuclides are primarily associated by successively removing mineral phases
which dilute the concentrations of the radionuclides. As each non-causal component is
removed, there should be a reduction in the relative standard deviation of the radionuclide
data (ie. standard deviatiodmean value).

An example calculation of the removal of a mineral component follows. The sum of
all the mineral percentages is 100. Therefore in order to recalculate the concentration of the
mineral components in the absence of a particular mineral phase, the initial concentrations of
the remaining mineral phases is divided by the percentage remaining and multiplied by 100.
For example, the concentration of orthoclase in the absence of quartz is given by :

in which Or is the percentage of orthoclase in the sample, Qz is the percentage of quartz and

Or,

is the percentage of orthoclase in the sample if all the quartz is removed. Similar

calculation can be done for each of the mineral phases and for the radionuclide
concentrations. The sum of the new weight percentages of the mineral fractions should also
equal 100. This process is repeated following the same steps successively removing mineral
phases.
The relative standard deviation (as percentages) for the radionuclide data on the total
(i) sample, (ii) the sample - Qz (iii) sample - (Qz and feldspar) are presented in Table 6.6 for
-

--

P

Table 6.6: The Relative Standard Deviations (as percentages) for
the Radionuclide data on the Total sample, Sample Quartz and Sample -Quartz and Feldspar, for each obf the
sample groups
226fia

2
3
2
m

Wullwye Creek
17
14
15

initial

13

Qz

Qz+Feld

12
20

initial
Qz
Qz+Feld

Snowy River Upstream
51
53
42
43
46
16
20
22

initial
Qz
Qz-tFeld

44
34
8

21
17
20

49

Snowy River Downstream
38
28
18

41
32
14
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each of the sample groups.

The Wullwye Creek radionuclide data had initial relative

standards of the radionuclide data range from 13% to 23%. The removal of the quartz and
quartz

+ feldspar did not significantly effect this. However, the relative standard deviations

of the data of samples from the Snowy River both upstream and downstream of the junction
were all significantly decreased by the removal of both the quartz and quartz

+ feldspar

components. Removal of any of the remaining components did not significantly decrease the
relative spread in the data. This data manipulation demonstrates that the quartz and feldspar
do not contain significant activity. The radionuclides are therefore predominantly contained
in the other mineral fractions in the samples. These minerals are biotite, apatite, magnetite

and secondary iron oxides.

The radionuclide analyses of the heavy mineral separation

presented at the being of this section shows that biotite, apatite and magnetite did not contain
sufficient activity and were not present in significant enough quantities to control the
radionuclide concentrations of the sediments. This implies that the secondary oxides are the
main mineral phase controlling the radionuclide concentrations in the samples from the
Snowy River. This may also be the case for the samples from Wullwye Creek, although
panicle size variations could account for all the variability in radionuclide concentrations in
these samples.

6.3.5 Source of the sediments
In chapter 4 it was found that the 230Th/232~h
ratios in soils formed on a uniform rock
type were identical to the UITh ratio of the rock. Evidence presented in chapter 5 showed
that various particle size and density fractions derived from the soils have a constant
230Th/232~h
activity ratio.

This ratio was also shown to be largely unaffected by grain

abrasion, suggesting that fluvial transport of material derived from a soil formed from a
uniform rock type should result in sediments which have a uniform "0Th/232~hratio,
independent of which particle sizes or densities are sampled. In this section the radionuclide
and chemical data are interpreted to provide information on the nature of the sources of these
sediments and to determine the relative contribution of Wullwye Creek to the sediment in the
Snowy River down stream of the junction.
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6.3.5a Uranium and thorium in the source rocks
The Snowy River and the Wullwye Creek drain granites which belong to different
suites. The Snowy River drains granites of the Kosciusko Batholith from the Bullenbalong
Supersuite, while Wullwye Creek drains a single granite of the Berridale Batholith from the
Dalgety suite [Chappell et aL, 19911. The work of Larsen and Gottfied [l9601 (presented in
chapter 2) would suggest that these suites could be expected to have distinctive U to Th
ratios. From the geology of the catchments it would therefore be expected that the

and

2 3 8 ~

232

Th decay series nuclides ratios should have provided distinctive signatures for the two

river tributaries.
Chemical analyses of the granites have been done by XRF by Dr. B.W. Chappell of
the Australian National University. These U and Th concentrations are reported in Appendix

E, Table E3. The analyses have been converted to Bq kg-' using the conversion factors in
Appendix A and are plotted in Figure 6.5. Analyses from the Dalgety Granodiorite, which is
drained by Wullwye Creek, are shown as filled squares. The granites drained by the Snowy
River are shown as open squares. There is no apparent correlation between U and Th

Figure 6.5: Concentration of uranium and thorium in the granite from the Snowy
River-Wullwye Creek source areas (unpublished data B.W. Chappell).
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concentration in the granite samples from either group. The data from both groups shows
significant scatter and considerable overlap. The U/Th ratios range from 1.70 to 0.27 and
1.00 to 0.30 for the Dalgety Granodiorite and the Kosciusko batholith respectively with

means of 0.68H.08 and 0.57M.03. These are within one standard error of each other. The
U/Th ratios of the source area rocks are clearly highly variable and are not distinctive. This
contrasts with the observations of Larsen and Gowied [l9601 of well defined correlations
between U and Th in rocks from the same petrographic suite, and suggests that these nuclides
are not uniformly distributed in these granites.

Rosholt, [ l9831 observed similar

non-uniform distribution of U and Th in granites which he attributed to redistribution of the
nuclides due to rocWwater interactions.
While a side issue at this point the variability of the U/Th ratio in these source rocks
has implications for the work presented in chapters 4 and 5. In those chapters the soil
samples were presumed to be derived from bedrock with a uniform U/Th ratio. In most
cases only one representative sample of the parent rock was analysed. However the soils at
ratios consistent with that of the parent rock
each of the sites were found to have 230~h/232Th
analysis.

There are two possible mechanisms by which this can occur, either (i) the

assumption of a uniform U/Th distribution in the bedrock of the areas described in Chapter 4
is correct and the soil directly inherited the 230~h/232Th
ratio from the rock, or (ii) the U/Th
ratio in the bedrock is variable about some mean value and the process of forming the soils in
some way averages out this variability.
The difference between the work presented in chapter 4 and these data is probably
related to the scale of the areas sampled. The largest area sampled in chapter 4 was -38 km2.
The smallest of the granites described above was -300 km2. Plier and Adams [l9621 showed
that while the U/Th ratio in the Mancos shale, a single sedimentary unit, varied widely on a
regional scale, on a local scale this ratio was relatively uniform (see discussion in chapter 2).
This scale effect could also apply to other rock types.

6.3.5b *

8

and
~
U 2 ~decay
h
series nuclide ratios in the sediments

The 2 3 0 ~ h / 2 3 22~2h6, ~ a / 2 3and
2 ~ hthe 2 2 6 ~ a / 2 2activity
8 ~ a ratios have been calculated for
each of the 15 samples and are presented in Table 6.7.
The 230~h1232Th
ratio for Wullwye Creek ranges from 0.38fl.04 to 0.56H.04.
Similarly, the 230~h/232Th
ratio for the samples collected from the Snowy River upstream of
ratio falls
the confluence ranges from 0.42H.03 to 0.619.05. In each case the 230~h/232Th
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Table 6.7: 2 3 8 and
~
232Thseries nuclide ratios for the samples collected from the
Snowy River-Wullwye Creek confluence.

230~hj232~h

WUS 1
WUS2
WUS3
WUS4
WUS5

0.53H.05
0.42H.05
0.56fl.04
0.38H.04
0.5 1fl.03

226~a/232~h
0.56k0.07
0.65k0.07
0.4920.07
0.5 1k0.06
0.36k0.03

226Ra/228Ra
0.65k0.14
0.72kO.10
0.58+0.16
0.62H.12
0.38k0.08

Mean

0.48H.03

0.5 1H.04

0.59k0.05

SW1
SW2
SUW3
SUW4
SW5

0.42k0.03
0.46k0.03
0.6 1N.05
0.47+0.03
0.48+0.04

0.52+0.03
0.57fl.05
0.54H.03
0.5 1k0.02
0.56fl.03

0.49H.03
0.53k0.09
0.60&0.04
0.49k0.02
0.52fl.02

Mean

0.49M.03

0.54+0.01

0.52H.02

Mean

0.58_+0.04

0.62H.03

0.57H.02

well within the range of the U/Th ratios reported from the granites in the source areas.
Clearly the thorium ratios in the sediments from the two arms overlap and do not provide
distinctive signatures.

Consequently, they cannot be used to determine the relative

ratio and for
contribution of each arm to the stream. This is also the case for the 226~a/232Th
8 ~ a In addition the 230Th/Z32Th
and 2 2 6 ~ a / 2 3 in
2 ~the
h downstream sediments
the 2 2 6 ~ a / 2 2ratio.
are on average higher than those in the upstream samples, although still within the range of
the UlTh ratios of the granite source rocks. It is clear that the radionuclide data cannot be
used to determine the relative contribution of Wullwye Creek to the Snowy River. However,
the variability in the radionuclide ratios in both arms does indicate that sediments are being
derived from a number of sources in each catchment and that these sediments are poorly
mixed in the channel.
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6.3.5~Normative mineralogy and sediment chemistry
The calculated mineral assemblage (section 6.3.4b)

offers another means of

determining the relative contribution of the two arms to the trunk stream.

Quartz and

feldspar are the dominant mineral components in the samples malang up an average of 95%
of the samples by weight. These components have very similar transport characteristics.
Accordingly any signal which provides a trace on either of these components would
effectively be tracing the bulk sediment. The feldspar component consists of 3 fractions;
orthoclase (Or), and two plagioclases, albite (Ab) and anorthite (An). In Table 6.8 the
relative concentration of Or as fraction of the total feldspar present has been calculated using
the formula:

Similarly, the percentage Ab in the plagioclase phase has been determined by:

The percentage contribution of Wullwye Creek to the sediments (0.5 - 1.4mm
fraction) in the Snowy River has been calculated using a two component mixing model
AX+BY=C
where X and Y are the relative contributions from the two sources, so that X

+ Y= l

and A, B and C are the feldspar ratios of the two inputs and the output mix respectively. The
results are presented at the bottom of Table 6.8. In each case the calculations indicate that
the contribution from Wullwye Creek is negligible. These results differs markedly from the

Caitcheon et al., [l9911 estimate of 87+8%, based on the mineral magnetic data. Given the
mineralogy of the samples it is unlikely that the mineral magnetic parameters used in that
study were tracing the bulk of the sediment.
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Table 6.8: Feldspar concentrations used to estimate the percentage convibution of
Wullwye Creek to sediments in the Snowy k v e r d0wnstrea.m of the Junction.

WUS 1
wus2
wus3
WUS4
wus5
Mean
SUWl
SUW2
SUW3
SUW4
SUW5
Mean
SDW1
SDW2
SDW3
SDW4
SDW5
Mean
Calculated Contribution from Wullwye Creek
using the above data
-47%*36%

-22%&38%
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6.4 Summary
1. The major element and radionuclide analyses combined with mineralogical data and

radionuclide analyses of the heavy mineral fractions indicates that the concentration
of radionuclides in the samples are not dominated by the resistate heavy mineral
contents of the samples. The data also indicates that the radionuclides are not
associated with the major mineral components (quartz and feldspar) and implies that
they are primarily associated with the secondary oxides. The hypothesis proposed at
the beginning of the chapter is therefore not supported by the data presented here.

2. The variability of the 2

to 2 3 2 ~series
h nuclide ratios in the sediments is consistent

3 8 ~

with that of the granite sources and indicates that the sediment is not derived from
point sources within the catchment but come from a number of diverse source areas.
2 ~ h ratios in sediment from single arms
3. The lack of uniformity in the 2 3 8 ~ / 2 3series
must mean that they are poorly mixed. (This is particularly so considering the effort
which went into the sampling in an attempt to get well averaged samples.)
4. Concentration of both 2 2 6 ~and
a 2 2 8 ~were
a in excess of their respective parent 230Th

and 232Thin many of the samples examined. This was particularly the case for
samples collected from the Snowy River. The radium excesses were generally
correlated. This correlation was very evident in the samples collected from the
Snowy River upstream of the junction. The presence of 2 2 8 ~excess
a
on many of the
samples suggests that these samples have been in transport for a relatively short
period of time (Q0 years). This is supported by the presence of euhedral biotite in
the samples.
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Chapter 7: Post Depositional Changes
The previous chapters have studied the distribution and behaviour of radionuclides in
rock, soil and sediments, and have examined the links between radionuclide concentrations
and ratios in each of these compartments of the erosion cycle (Figure 2.4). Following
deposition sediments all undergo some form of diagenesis [Leeder 19821, i.e. post depositional
geophysicaVchemica1alteration. The effects of diagenesis range from simple dewatering of the
newly deposited material to the formation of new secondary minerals and the lithification of
the sediment. This chapter examines the effects of post-depositional alteration on radionuclide
concentrations and ratios at one site (Whiteheads Creek) by studying an alluvial sedimentary
deposit which shows evidence of post-depositional accumulation of secondary iron-manganese
oxides. This deposit overlies the site D soil profile discussed in Chapter 4. It was shown in
chapters 4 and 5 that in some soils a large proportion of the lithogenic radionuclide activity
was associated with the secondary iron-manganese oxides. Therefore, redistribution and
deposition of these oxides in sediments may also significantly effect the radionuclide
concentrations and ratios.
Major element and radionuclide concentrations have been measured down through the
alluvial sedimentary layers and citrate-dithionate extraction has been used to determine the
radionuclides associated with the poorly crystalline iron oxides. These results were compared
to those from the soil profile which the sediments overlie and are interpreted to provide an
understanding of the effects of post-depositional alteration at this site.

7.1 Sample Description
An 800mm deep block of soil of cross-section 200 by 300 mm was cut from a valley
fill deposit exposed in the gully wall at Site D (Chapter 4). Sampling locations are given in
Appendix B. Examination of this soil monolith revealed three well defined units (0-160mm,
160-360mm and 360-800mrn). The upper two, Units 1 and 2, are sedimentary. The basal unit
is a duplex soil [Talsma, 1989](site D, Chapter 4). A field photograph and sampling points
are shown in Figure 7.1. A total of twenty seven lcm slices were analysed from the monolith,
nine from Unit 1 (S 1 to S9), ten from Unit 2 (S 10 to S 19) and eight from the duplex soil @ l
to D8).
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Post depositional changes
The upper two units (Units 1 and 2), consist mainly of sand with well defined
depositional structures (graded bedding and laminations).

Unit 1 consists of a single bed

which grades from fine sand at the surface to coarser sand at 160m.m. The contact with Unit 2
is marked by an abrupt change to fine sand. Three bands were identified in Unit 2. The upper
of these consists of fine sand. The middle band is a mixture of fine and coarse sand. The
lower band consists of coarse sand and shows evidence of prior waterlogging and the
development of iron staining. Each of these bands is clearly separated but the contacts are not
as well defined as those between the units. The sedimentary units are evident on both sides of
the gully, and so must have been deposited prior to the formation of the gully. These layers
have been dated by optically stimulated luminescence (OSL)[Aiken; 19921 to circa 500 years
old [A.S. Murray pers. comm. 19941. This date should be regarded as an upper limit because
of uncertainties as to the efficacy of the bleaching process.

7.1.1 Sample treatment
Gamma and alpha spectrometry (section 3.3. l a and b) were used to determine the
concentration of radionuclides in each of the samples. Major element determinations were
conducted on all the samples by wet chemical techniques (section 3.3.2a). A sub sample of
each sample was wet sieved to determine the particle size distributions.
The proportion of Fe and M n associated with poorly crystalline phases was determined
by citrate-dithionite extractions (section 3.3. S ) in all of the samples. Alpha spectrometry was
a the thorium isotopes in 13 of these extracts used to determine the concentration of 2 2 6 ~and
three from Unit 1, four from Unit 2 and six from the duplex soil.
X-ray diffraction mineralogical analysis was undertaken on all the bulk samples and on
the <63pm fraction from 7 of the samples - one from Unit 1, one from each of the three bands
in Unit 2 and one fiom each of the soil horizons Al, A2 and B.

7.2 Results and Discussion
The results of the various analyses of the Whiteheads Creek monolith samples are
presented in the following sections. The mineralogy, particle size distribution and major
element chemistry are examined first in order to provide a framework for interpreting the
radionuclide data.
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7.2.1 Mineralogy and particle size distribution
The X-ray difiaction spectra of the bulk samples and the <63pm fraction were
dominated by quartz and feldspar (albite). Visual inspection showed that oxide coatings on the
grains were present in all of the samples, but these were particularly evident in the samples
from the A2 horizon in the duplex soil and in the samples from below 270mm in Unit 2. Clay
was present in samples from the B horizon from the duplex soil. These phases were not
detected in the XRD scans.
The particle size distributions are presented in Appendix F, Table F1, and plotted in
Figure 7.1. Unit 1 is dominated by fine to coarse sand, with more than 70% of the particles in
the samples fiom this unit >63pm in diameter. Samples fiom Unit 2 typically contain finer
sediment than those fiom Unit 1 with -50% of the grains <63pm in diameter. Samples from
the lower band in this unit also contain more >2mm particles than were present in any of the
Unit 1 samples. The particle size data from the duplex soil indicate that the A1 horizon is finer

than A2 and the contact with the B horizon is marked by a sharp increase in the <63pm
fraction. The B horizon coarsens slightly with depth.

7.2.2 Chemistry
The wet chemical analysis of the sediment samples are presented in Appendix F, Table
F2, and are plotted in Figure 7.2 (after calculation of the organic free concentrations).

AZ20, and SiO,: The A1203and SiO, data are presented in Figure 7.2a. The mineralogical
analyses indicated that the samples were dominated by a two component mixture of quartz and
feldspar. This is supported by these data. There is a strong negative correlation between
Al,03 and SiO, in the samples from Units 1 and 3 indicative of a simple two component mix.
This correlation is also present in th,e samples fiom Unit 2, but the data show greater spread,
suggesting that a third component may be important in this unit.
Regression lines have been fitted through the data from Unit 1 and the soil (Unit 3).
The regressions have differing slopes. This suggests that the A1 rich component in the soil
may be different to that in Unit 1. The data from Unit 2 are largely consistent with the
regression fitted through the Unit 1 data.

K,O, Na,O, CaO and AZ,O,: The concentrations of &O, CaO and NqO have been added
and plotted against Al,O, in Figure 7.2b. Correlation between this summed component and
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N20, concentrations would be expected if the dominant AI-rich mineral is feldspar. There is a
moderate correlation (?=0.69) between these components in the samples from Unit 1. The
data fiom the Unit 2 samples are largely consistent with this correlation. From this, Units 1
and 2 are deduced to consist largely of quartz and feldspar, confirming the XRD analysis.
There is no correlation between these components in the data fiom the soil samples.
This suggests that the Al-rich component in this unit is not dominated by feldspar as was
indicated by the XRD analysis, but probably consists of a mixture of clay and feldspar. This is
not surprising because the simplified XRD analytical technique used here favours the more
crystalline mineral phases. The clay fraction requires separation followed by the preparation
of orientated slides to be clearly detected by XRD analysis.

Fe,O, andMn304: There is no correlation apparent between A1203and Fe203in the samples
from this site (Fig 7 . 2 ~ ) .However, the summed concentrations of A120,, Fe203and SiO,

+

account for an average of 96.64 0.07% of the samples by weight, and while Fe203and A,03
are not correlated, the summed concentrations of Al,O, and Fe203are very strongly correlated
(?=0.96) with SiO, (Figure 7.2d).

This confirms that the samples from the profile are

dominated by a three component mix of a Si rich phase (quartz), an A1 rich phase (clay and
feldspar) and a Fe,03 rich component, presumably iron oxides.
The concentrations of Mn,O, and Fe,O, weakly correlated (?=0.36) in the samples
fiom the soil (Figure 7.2e). Samples from Unit 1 and the the upper section of Unit 2 are
generally consistent with this correlation. However, all the samples collected from Unit 2
below 270rnrn plot above this correlation.
The total and extractable manganese and iron concentrations are plotted against depth
in Figures 7.3a and 7.3b respectively. Between 30 and 100% of the total iron and the total
manganese in the samples was extracted by citrate-dithionite solution. The concentrations of
both Fe and M n generally increase with depth. However, a number of peaks in concentration
do occur down the profile. The first at a depth of 135cm is marked by a sharp increase in the
absolute iron concentration and also a peak in the extractable iron fraction ( to 100%). There
is only a minor peak in the total fraction of Mn at this depth but a marked increase in the
fraction of extractable Mn (76% c:ompared to 56% and 48% on either side of the peak)
(Figure 7 . 4 ~ ) .This peak occurs just; above the junction between Units 1 and 2.
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Figure 7.3: Total (closed symbols) and extractable (open symbols) iron (a) and
managanese (b) concentrations, and percentage extractable Mn,O, (c)
against depth in samples from the Whiteheads Creek profile. The dashed
lines show the boundaries between the units.
The second peak in the Fe and M n concentration occurs between 270 and 320rnm and
is marked by a sharp increase in both the Fe and Mn concentrations and a marked increase in
the extractable Mn concentrations (to 100%). From this depth down, most of the Mn is in an
extractable form (Figure 7.3c), indicating that it is largely associated with poorly crystalline
oxides. The percentage of total Fe associated with these poorly crystalline oxides ranges
between 60 and 80%. This second peak is coincident with the iron stain observed in Unit 2.
Two hrther peaks in the M n concentration occur at depths of 440-450mm and
680-690mrn. The 440-4501nm peak occurs at the junction between the A, and B horizons of
the duplex soil. The 680-690mm peak occurs in an area where the texture of the B horizon is
coarsening. These are not as marked as the peak at 270-320mrn, although this may be a
product of the greater sampling interval used in duplex soil. These peaks are associated with
much less pronounced peaks in the Fe concentration.
The distribution of iron and manganese oxides in the buried soil profile is similar to
that described for other yellow duplex soils (see Stace et al., 1968). In these soils, the
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concentrations of Fe and Mn generally increase with depth with a marked peak at the junction
of the A, and B horizons. The Fe peak in these samples is smaller than is typical for duplex
Willet, 1993, pers comm.)but the general distribution is more or less typical.
soils (h

The concentrations of iron and manganese present in the sediments may either have
been deposited from the groundwater after deposition of the sediments or have been present
on the sediments at the time of their deposition. The lack of a marked break in the percentage
of extractable Mn,O, (Figure 7 . 3 ~ between
)
Unit 2 and the A, horizon of the duplex soil
suggests that this is a post depositional feature. That is, the Fe and Mn were added to the
sediments fiom the groundwater after the deposition of the sediments. This is fbrther
supported by the presence of iron mottling at the base of Unit 2. Mottling would not survive
fluvial transport of disaggregated grains. This mottling was interpreted by Talsmu, [l9891 as
being indicative of waterlogging in this horizon. Deposition of the iron and manganese
probably ceased in the sediments when the gully incised, as the gully development would have
locally lowered the groundwater table.

7.2.3 Mineralogy, particle size and chemistry summary
The soil block cut from the side of the Whiteheads Creek gully consists of three well
defined units. The basal unit is a duplex soil profile which has formed in the valley fill. This
was overlain by two sedimentary layers which were deposited prior to the gully incision.
The samples from throughout the profile consist of a three component mix; Si rich
phase (quartz); A1 rich phase (clay and feldspar); Fe,O, rich component, dominated by poorly
crystalline oxides. The sedimentary units are dominated by silt and sand consisting largely of
quartz and feldspar. Clay is present in the B-horizon of the soil.
The distribution of iron and manganese in the duplex soil is considered to be the result
of the soil formation. The peaks in Mn and Fe concentrations present in the sediment are
considered to be the result of pre:cipitation from groundwater after the deposition of the
sediments. These sediments were deposited 500 years ago.
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7.2.4 Radiochemistry
The gamma and alpha spectrometry analyses of the bulk samples are presented in
Appendix F, Table F3; the citrate-dithionite data are presented in Table F4.

7.2.4a Equilibrium conditions
The 2 2 8 ~ ato 2 3 2 ~and
h 228Thto 2 2 8 ~concentration
a
data are presented in Figures 7.4a
and b respectively, and are all consistent with the equilibrium lines (solid lines). Within
h series.
analytical uncertainties, there is no indication of disequilibrium within the 2 3 2 ~decay
In contrast, significant disequilibrium is present in the 2
shows the 23@Th. to 2

decay series. Figure 7 . 4 ~

3 8 ~

concentration data. The data points are all individually consistent with

3 8 ~

the equilibrium line. However, there is a systematic tendency for 238Uto be in excess of its
daughter. The 2 2 6 ~toa '"Th plot (Figure 7.4d) indicates that 2 2 6 ~isaalso generally in excess
of 230Thand that significant excess (>40%) occurs in samples S16, D3, D4, D6, D7 and D8.
These samples are those in which peaks in the M n and Fe concentration were also observed
(this is examined further below). Concentrations of 2 2 6 ~and
a 2

are in apparent equilibrium

3 8 ~

(Figure 7.4e) in all the samples, except for those in which theU6Raconcentrations were greatly
in excess of 230Th.

7.2.4b U o ~and
h U2~h
The concentrations of '"~h and 2 3 2 ~and
h the 230Th/232~h
ratios in the bulk samples
(open symbols) are plotted against sampling depth in Figures 7.5a, b, and c respectively. As
was shown in Chapter 4 the 230Th/232~h
ratio in the soil profile is consistent with a uniform
value of 0.532 2 0.009, which is within analytical uncertainty of the parent-rock ratio of 0.55

+ 0.04. However, the 230Th/232Th
ratio in the sediments (Units 1 and 2) varies from 0.26 to
0.4. Data presented in Chapters 4 and 5 indicated that the 230Th/232~h
ratio of the sediments
are dependent on the value of this ratio in the parent rock from which they were derived. The
ratio evident in the Unit 1 and 2 sediments therefore suggests that
variations in the 230~h/232Th
these sediments were derived fi-om a number of source areas.
The concentrations of 230Thand 232Thin the citrate-dithionite extracts are also plotted
against depth in Figures 7.5a and b (closed symbols). In each case the concentration of
extractable thorium increases with depth.

The 230Th/Z32~h
ratio of the citrate-dithionite

2 ~ h in
extracts is also shown in Figure 7 . 5 ~ .In Chapter 4 it was found that the 2 3 0 ~ h / 2 3ratio
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Figure 7.4: Radionuclide daughter to parent concentration plots for the Whiteheads Creek
profile soil (closed circles) and sediment (open circles) samples; a) 2 2 8 ~ a
against 2 3 2 ~ b)
h ; 228Thagainst 2 2 8 ~C)
a ;230Thagainst 2 3 8 ~d), 2 2 6 ~against
a
2 3 0 ~ and
h , 2 2 6 ~against
a
2 3 8 ~ . In each case the solid line represents secular
equilibrium. Error bars represent uncertainties equivalent to one standard
error on the mean.
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Figure 7.5: Concentrations of 2 3 0 ~(a)
h and 2 3 2 ~(b)
h in the bulk samples (open symbols)
and citrate-dithionite extracts (closed symbols) with depth in samples from
ratio in the
the Whiteheads Creek profile. (c) Variations in the 230~h/232Th
bulk samples (open circles), the citrate-dithionite extracts (closed circles) and
in the residue (closed triangles) with depth. Error bars represent uncertainties
equivalent to one standard error on the mean. The solid line in Figure 7 . 5 ~
represents the rock 2 3 0 ~ h / 2 3ratio,
2 ~ h the dashed lines correspond to the
uncertainties on this ratio of one standard error.

the extracted fraction from the soil was the same as in the bulk soil. The ratio in the
citrate-dithionite extracts from the sediments (Units 1 and 2) is also consistent with that of the
soil. Citrate-dithionite primarily extracts the poorly crystalline iron and manganese oxides. It
was shown in the previous section that iron and manganese have been deposited in the
sediments probably from the groundwater. The above data suggest that ')OTh and 2 3 2 ~were
h
deposited in the sediments (after they were laid down) in association with these iron and
manganese oxides in the same ratio as they were present in the soil underlying profile. It is
deduced that the 2 3 0 ~ h f 3ratio
2 ~ hin the sediments at the time of deposition was overprinted by
subsequent deposition of thorium isotopes in association with iron-manganese oxides.
If it is assumed that the citrate-dithionite extracted all of the thorium which had been
2 ~ h on the
added in association with the iron-manganese oxides then the inital 2 3 0 ~ h / 2 3ratio
sediments can be calculated from the bulk sample and extraction concentration data (Figure
7 . 5 (closed
~
triangles)). In this case these data show that while the addition of the 230Thand
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Th in association with the iron and manganese oxides has systematically increased the ratio

in the sediments, it has not significantly altered the individual sample ratios. The variation in
the 230~h/232Th
ratios in the sediments is dominated by differences in the ratio of the material
which was being deposited and has not been significantly altered by secondary overprinting
following deposition. However, if the citrate-dithionite only extracted a small fraction of the
thorium which has been added to the sedirnents, then the increase in the 230Th/U2Th
ratio with
depth in the sediment could be due to overprinting by thorium from the groundwater. That is,
the sediments could have been deposited with a uniform 230~hf32Th
ratio of -0.26, and the
observed increase in the ratio with depth could be due to the deposition of thorium in the
profile from the groundwater. However, given that the citrate-dithionte extracted up to 80%
of the total thorium present in the soil samples, it is considered probable that it has extracted
most of the secondary thorium from the sediments. It is therefore considered likely that the
change in ratio observed in the sediments is dominated by differences in the ratio of the
material which was being deposited.

The discussion on equilibrium conditions showed that concentrations of 226Rawere in
excess of " O T ~ concentrations in many of the samples examined. The 226Raexcess is plotted
(closed triangles) against depth of sampling in Figure 7.6. The extractable Mn,04 data are
shown as a dashed line on this plot. The peaks in the 2 2 6 ~excess
a
are clearly coincidental with
the peaks in the extractable Mn,O, concentrations. The Mn304peak in the sediment was
previously considered to have resulted fiom the deposition of Mn fiom groundwater. These
data suggest that 226Ramay have been deposited in association with the manganese either by
coprecipitation or by sorbtion from the groundwater.
Concentrations of 226Rain the citrate-dithionite extractions from selected samples are
also plotted in Figure 7.6. These data indicate that a large proportion of the 226Raexcess was
extracted by the citrate-dithionite, supporting the hypothesis that the 226Raexcess was
deposited in association with these oxides. In the 290

- 300 mm sample, which had the

a in excess of 230Thby -88% and -60% of
highest Mn30, peak, the concentration of 2 2 6 ~was
this excess 226Rawas extracted. This radium addition would have altered the 226~#2Thratio
fiom 0.47 L 0.05 to 0.93 2 0.04 if it is assumed that initially the 2 2 6 ~and
a 2 3 0 ~concentrations
h
were at or near equilibrium.
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Figure 7.6: Concentrations of 2 2 6 ~inaexcess of its parent 230Th(closed triangles) and in
the citrate-dithionite extracts (open circles) from samples from the
Whiteheads Creek profile. The dashed line shows the extractable Mn304
concentrations. Error bars represent uncertainties equivalent to one standard
error on the mean.

7.2.4d Timing of the deposition of the radionuclides in the sediments
The two sedimentary layers have been dated [A.S. Munay pers. comm. 19941 using
optically stimulated luminescence (OSL) and are < 500 years old. Therefore 2 2 6 ~"aO ,T ~ and
232

Th have been deposited in the sediments in association with the iron-manganese oxides at

sometime in the last 500 years.
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7.3 Summary
Radionuclide and major element concentrations have been examined in alluvial
sediments which were deposited < 500 years ago. These sediments overlie a duplex soil
profile. It was shown that:
1. The 230~h/232Th
ratio in the sediments varied with depth and was different to that of

the soil. This suggests that they were derived from a number of sources.

2. Following the deposition of the sediments iron-manganese oxides were deposited in
the sediments from groundwater.

3. Concentrations of 230Th,232Thand 2 2 6 ~were
a probably deposited from groundwater in
association with these oxides. This indicates that these radionuclides are being
significantly redistributed at this site on a time scale of c 500 years.
4. The 230Th/232~h
ratio in the poorly crystalline, presumably recently deposited

iron-manganese oxides in the sediments was the same as that of the soil which they
2 ~ hin the sediments is being overprinted
overlie. It is deduced that the 2 3 0 ~ h / 2 3ratio
by the subsequent deposition of thorium isotopes from the local groundwater.

5. While the addition of 2 3 0 ~and
h 232Thhad on average increased the ratio in the
sediments it has not significantly altered the individual sample ratios. The variation
in the 230Th/232Th
ratio in the sediments was considered to be dominated by
differences in the ratio of the material which was deposited.

6. The addition of 2 2 6 ~had
a significantly altered the 226~a/U2Th
ratio in at least one of
the sediment samples.
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Chapter 8: General Discussion and Assessment of the
Hypotheses
The aim of this thesis is to develop an understanding of the mechanisms which cause
variability in nuclide concentrations and ratios in modem sediments, and to assess whether or
not these variations can be used to trace the source of sediment. Chapters 4 to 7 have
examined the behaviour and relationships between these radionuclides through the erosion
cycle. This chapter (i) summarises and discusses the observations from chapters 4 to 7, (ii)
assesses the hypotheses proposed in chapter 3 against these observations and (iii) develops a
model of the mechanisms controlling the variability of radionuclide concentrations and ratios
in modem sediment.
The effects of weathering and pedogenesis on the 2

and " ~ hdecay series nuclides

3 8 ~

are discussed first, followed by the effects of fluvial and post-depositional processes.

8.1 The Effects of Rock Weathering and Soil Formation
The weathering of rock to form soils involves many solution and precipitation
reactions [Knrmbein and Sloss, 19631. Soluble elements such as Na, Ca, K and Mg are
leached from the weathering profile [Middelburg et al., 19881. This results in an enrichment
relative to the concentration in the rock of less mobile elements which are retained in the
profile. Consequently the concentrations of elements which are not significantly mobilised
during pedogenesis will be higher in the soils than in the parent rock. At many of the sites
h 228Rain the soils were either
studied the concentrations of U8U, 2 3 0 ~ h2,2 6 ~ a2,3 2 ~and
comparable or lower than those in the parent rock (Section 4.3.2). This implies that a
significant fiaction of these radionuclides including thorium are being mobilised during
pedogenesis.
h
It was shown at Site A (Geebung Creek) that the movement of "OTh and z 2 ~ could
be occuning in association with colloids (Section 4.3.3b) as was suggested in Section 2.7. At
a number of sites significant fractions (up to 80%) of the thorium isotopes retained in the soil
were shown to be associated with secondary Fe-Mn oxides (Section 4.3.3). These oxides
form as a result of precipitation reactions. The association of the thorium with these oxides
implies that thorium is being either sorbed by these oxides or coprecipitated with them from
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the soil water. These observations indicate that significant mobilisation and redistribution of
thorium can occur during pedogenesiis. Similar observations were made for 226Ra,and the 238U
data presented in Chapter 4 are also consistent with uranium being significantly mobilised. It
is concluded that significant mobilisation and redistribution of uranium, thorium and radium
can occur during pedogenesis.
The 238Uand U 2 ~ decay
h
series are expected to be in secular equilibrium in most
unweathered rocks [lyengar, 19901. Data from soils (Section 4.3.1) showed that members of
the

decay series, particularly

2 3 8 ~

'IOTh and 226Ra,were in many cases not in secular

equilibrium. Given the degree of element mobilisation during pedogenesis, indicated by the
results discussed above, this result is not surprising. Other workers have also reported similar
disequilibrium in the

decay series in soils [Hansen and Stout, 1968; Megumi, 1979;

2 3 8 ~

Rosholt, 1982; Greeman and Rose, 19901. Disequilibrium was also observed between 2 2 8 ~ a
and 2 3 2 ~inhthe U 2 ~decay
h
series, with concentrations of "Ra in excess of its parent '12Th in a
number of soils (Section 4.3.1). The presence of disequilibrium in the soils indicates that
differential mobilisation of decay series nuclides is occumng during pedogenesis.
While it is clear that thorium is being redistributed during soil formation, it was found
~ h in all the soil samples examined was indistinguishable from the
that the 2 3 0 T v 3 2 ratio
2 3 g ~ f 3ratio
2 ~ hin the parent rock from which the soils were formed (Section 4.3.2a). This
implies that no differential mobillisation of the thorium isotopes is occurring during
pedogenesis. Scott [l9681 and Sarin et al., [l9901 also observed that significant redistribution
of thorium occurred during weathering with no significant differential mobilisation of the
2 ~ h in the soils and parent rock implies
thorium isotopes. The similarity of the 2 3 0 ~ h / 2 3ratio
that either (a) no differential mobilisation of the uranium and thorium has occurred during
pedogenesis or (b) any disequilibrium between 2 3 0 ~and
h 238Uin the soil is young compared to
the half-life of 2 3 0 ~(<<
h 75,200 years). Data presented in Section 4.3.1 showed that
significant disequilibrium between

over 2 3 0 ~were
h only evident in 5 of the 84 samples

2 3 8 ~

examined, although there was evidence of small systematic differences in concentrations in the
samples fkom Sites B and E (Section 4.3.1). This suggests that in general uranium and
thorium have behaved similarly during weathering at the sites examined. Pliler and Adams
[1962b] in a study of the redistribution of uranium and thorium during granite weathering
observed that in the early stages of rock weathering uranium was leached, but that as
weathering proceeded the U/Th ratio in the weathered material became the same as that in the

Page 133

General discussion, hypotheses and model

parent rock. They noted that 'although the mechanisms of concentration were different, there
is a striking parallel between the redistribution of uranium and thorium in the weathering
profile'. Dr. B. Dickson @em. comm. 1994) has also observed that the UITh ratio in soils is
comparable to those in the rock from which they were formed. These observations of parallel
behaviour of uranium and thorium, at least during the later stages of weathering are consistent
with the work presented in this study.
2 ~ h the 2 2 6 ~ a / Uratio
2 ~ h in soils was
In contrast, to the uniformity of the 2 3 0 ~ h / Z 3ratio,
found in many cases to be highly variable (Section 4.3.2b) and typically not the same as the
2 3 8 ~ / 2 3ratio
2 ~ hin the rock. This variability resulted largely from the presence of a 226Raexcess
a shown to be either surface sorbed
over 2 3 0 ~inh many of the samples. The excess 2 2 6 ~was
(correlated with surrogates for grain surface area) or associated with the Fe-Mn secondary
a its parent 232Thwere also observed (Section 4.3.1).
oxides (Section 5.3. lc). Excess 2 2 8 ~over
The presence of the disequilibrium between the radium and thorium in both of the decay series
indicates that these nuclides are being differentially mobilised in the soil profile.
The 228Raexcess over U 2 ~indicates
h
that these elements are in some instances being
redistributed over a relatively short time period (c20 years). The data from Chapter 7 showed
that 230Th,U2Thand 226Rahad all been mobilised in the profile at Whiteheads Creek in less than
the past 500 years. This redistribution was considered to have occurred in association with
the iron and manganese oxides. Middelburg et al., [l9881 observed that iron and manganese
oxides which are present both as amphorous phases or as surface coatings in soils are of major
importance in controlling the behaviour of trace metals in weathering profiles. The data
presented in this study suggest that these oxides are also important controls in the distribution
of decay series nuclide concentrations.

8.2 The Effects Of Fluvial Processes
Fluvial transport produces changes in the characteristics of the material being
transported as a result of sorting by particle size and density, and grain abrasion [Krumbein
and Sloss, 1963; Moss et al., 19731. It was shown in Chapter 5 (Sections 5.3.1 and 5.3.2)
that sorting soil material by density and by particle size produced fractions in which the
concentration of the

and 232Thdecay series nuclides differed, but these fractions had a

2 3 8 ~

ratio. This ratio was also found to be unaffected by grain abrasion
constant 230Thf32Th
(Section 5.3.3). It is thus confidently expected that fluvial transport of soil material will result
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ratio, independent of which particle sizes or
in sediments which have a uniform 230~h/U2Th
densities are sampled. The value of this ratio will be dependent on U/Th ratio of the rock
from which the sediments are ultimately derived.
The 230Tf132Th
ratio in the erosion cycle is unaffected by the transition from rock to
soil or from soil to sediments. Consequently the variability of the 2 3 0 ~ h / 2 3ratio
2 ~ hin sediment
is therefore dependent only on the variability of the ratio in the rocks the sediments are derived
from. The data from sediments presented in Chapter 6 were consistent with this statement. It
is therefore expected that the 2 3 0 ~ h / 2 3ratio
2 ~ hcan be used to distinguish between sediments
derived from different lithologies within a catchment, provided that the lithologies have
2 ~ h (This is examined firther in Chapter 10.)
distinctive 2 3 0 ~ h / 2 3ratios.
The chemistry of thorium means that the 2 3 0 ~ h / 2 3ratio
2 ~ his likely to be stable in most
fluvial environments. Hancock [l 9931 showed that this ratio was also stable in the estuarine
environment. Data presented in Chapter 7 suggest that under conditions in which the
sediments (following deposition) are exposed to local groundwaters with a different 2 3 0 ~ h / 2 3 2 ~ h
ratio, post-depositional alteration of this ratio on the sediments is possible, particularly in
circumstances in which iron and manganese oxides are deposited in the sediments from the
groundwater. Consequently, the use of this ratio in determining the origins of deposited
sediments should be accompanied by an assessment of the degree to which post-depositonal
redistribution and accumulation of the Fe-Mn oxides has occurred.
a "OTh were in secular equilibrium, the
In soils in which the concent.rations of 2 2 6 ~and
226~a/232Th
ratio behaved similarly to that of 2 3 0 ~ h / U 2and
~ h ,the 2 2 6 ~ d 3ratio
2 ~ hin sediments
derived from these soils will also have the same as the parent rock U/Th ratio. The 226Ra/23'~h
ratio on sediments is likely to be stable in most freshwater fluvial environments. However,

Hancock [l9931 showed that it is altered as a result of

2 2 6 ~desorption
a
in saline

environments, and evidence presented in Chapter 7 showed that it is likely to be more
susceptible to post-depositional alteration in situations in which Fe-Mn oxides are
redistributed than the 230~h1232~h
ratio.
It was noted in Chapter 2 (Section 2.1.4) that in the examples of nuclide
concentrations and ratios in sediments given by Murray et al., [l9911 there was no significant
disequilibrium between

and 2 2 6 ~ aThis
. suggests that in the sediments they examined the

2 3 8 ~

238Udecay series was in equilibrium at least down to 2 2 6 ~and
a that the 2 2 6 ~and
a 232Th
correlations were in fact 238Uto 232Thcorrelations. This is consistent with the above
--

- -
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discussion and suggests that in sediments in which the
equilibrium the ratio of any of the 2

and 2 3 2 ~decay
h
series are in

2 3 8 ~

decay series nuclides to '"~h decay series nuclides will

3 8 ~

be directly related to the parent rock U/Th ratio.

In soils which had large 2 2 6 ~excess
a
over

230

Th concentrations, sorting (by both

particle size and density) and grain abrasion produced fractions which had variable 2 2 6 ~ d 3 2 ~ h
ratios. This was shown to be due to the thorium isotopes and the 2 2 6 ~excess
a
being
differentially distributed on or in the soil grains. Sediment derived from these soils could be
expected to have highly variable 226~a/232Th
ratios which will depend on particle size and
density. These ratios will not easily be related to those of the soils, and may undergo further
change as a function of fluvial processes. Consequently in sediments which have a 226Ra
excess, the 2 2 6 ~ a / 2 3ratio
2 ~ h is unlikely to be a usefbl indicator of sediment source in
circumstances where particle size and density sorting are important.
Site A (Geebung Creek) is probably an exception to this observation. At this site the
different particle size fractions from individual samples of this granitic soil were found to have
ratio which was generally the same as the ratio in the bulk soil sample
a uniform 226Ra/U2Th
a
over Z 3 0 ~ h .
(Section 5.3. lb). This was the case even in samples which had a large 2 2 6 ~excess
It was shown that the 226Raexcess and the thorium isotopes were all bound to the grain
surfaces (Section 5.3. lc). That is, the radium and thorium were held in similar sites on the soil
2 ~ h these fractions
grains. While density fractions from these soils had variable 2 2 6 ~ d 3ratios
were only a very small component ( 4 . 5 % ) of the soils total weight and did not contribute
significantly to the total activity of the sample. It is therefore expected that the 2 2 6 ~ a P 2 ~ h
ratio in sediments derived from a point in the Geebung Creek catchment will have the same
ratio as the bulk soil they are derived from (Section 5.3. l c). This suggests that the 226Raf32~h
ratio will be useful in distinguishing sediments derived from different points in this catchment
a
(This is examined further
despite the fact that some of these samples have a large 2 2 6 ~excess.
in Chapter 9).
While in general the presence of a 226Raexcess in sediments means that the 2 2 6 ~ a / U 2 ~ h
ratio may not be a useful 'fingerprint' on the sediment, the excess itself may tell us something
a 2 2 8 ~over
a their respective parents
about sediment transport rates. Excesses of both 2 2 6 ~and
were observed in both soils (Section 4.3.1) and in sediments (Section 6.3.2) in this thesis. The
concentrations of 228Raand its daughter 228Thwere found to be in secular equilibrium in both
the soils and sediments examined (Sections 4.3.1 and 6.3.2), suggesting that the 2 2 8 ~excesses
a
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are old compared to the half-life of U 8 ~(1.91
h years). This implies that the 2 2 8 ~excess
a
has
not been recently adsorbed or that the rate of sorption is slow compared to the half-life of
228~h.
The 226Raand 2 2 8 ~excesses
a
in the sediments could have resulted from sorption of
radium either; (i) in the soil profile, or (ii) in the fluvial system, or (iii) a combinations of both.
At this stage only (i) has been shown to occur, but there are no data to suggest which
of these processes dominate. However, if the excesses are developed only in the soil profile
then once the material is transported into the fluvial system they will begin to decay back to
equilibrium. This being the case then a systematic decrease in the excesses would be expected
as a fbnction of distance from the source. Observation of a systematic decrease in the radium
excesses in a river could therefore be interpreted in terms of sediment residence times and
transport rates on the scales of 5,000 years (226Ra)and 30 years (U8Ra), provided it can be
demonstrated that these changes do not result from sediment mixing or fluvial sorting.

8.3 Summary
1. While the decay series are in secular equilibrium in unweathered rock this condition is

not preserved during pedogenesis. Significant mobilisation of the decay series nuclides
including the thorium isotopes occurs during this process and differential mobilisation
of radium and thorium in particular results in disequilibrium in soils.

2. Although significant redistribution of thorium does occur during rock weathering no
differential mobilisation of the isotopes occurs and the 230Th/232Th
ratio present in the
rocks are carried through to the soils developed on them. This implies that either no
significant differential mobilis'ation of uranium and thorium occurs during pedogenesis
(at these sites) or that any disequilibrium between 2 3 0 ~and
h 238Uconcentrations in the
soil is young (<<75,200 years).
ratio is not effected by the transition from rock to soil, or by that from
3. The 230Th/232Th
ratio in sediments is therefore dependent only on the
soil to sediment. The 230~h/232Th
2 3 0 ~ h / 2 3ratio
2 ~ hof the rocks from which they are ultimately derived.
4. Statement (3) above also applies to the 2 2 6 ~ a ? 3ratio
2 ~ hwhen 2 2 6 ~isain secular

equilibrium with 2 3 0 ~(ie.226~.af32~h
h
=2 3 0 ~ h p 2 ~ h )
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5. In contrast to the uniformity of the 230Th/232~h
ratio in soils developed from a uniform

rock type, the 2 2 6 ~ a f 3ratio
2 ~ hwas found to be variable and in many cases significantly
different to the U/Th ratio in the rock. This variability was due largely to the presence
of a U6Ra excess over 2 3 0 ~ hThe
. effects of processes such as grain abrasion and
2 ~ hwere shown to be dependent
sorting by particle size and density on the 2 2 6 ~ a / 2 3ratio
on two factors (i) the degree to which the 2 2 6 ~concentration
a
were in excess of 2 3 0 ~ h ,
and (ii) where the " 6 ~ excess
a
was bound on the particles in relation to the thorium.
h bound on similar sites on the soil grains and the 2 2 6 ~ a
Where the 226Raand U 2 ~were
excess over " O T ~ varied throughout a catchment, it was found that the 2 2 6 ~ a f 3in2 ~ h
sediment derived from a point in the catchment would be uniform but this ratio could
vary from point to point.

In circumstances where the 2 2 6 ~excess
a
on the soil grains was not held in
h , grain abrasion and sorting (by particle-size and density)
similar sites to the 2 3 2 ~then
2 ~ h This suggests
were found to produce fractions which had variable 2 2 6 ~ a / Uratios.
that fluvial transport of soil material in which concentrations of 226Raare in excess of
230

Th concentrations and the radium and thorium are held in different sites will result in

ratio which cannot easily be related back to
sediments which have a variable 226Raf32Th
that of the source. Consequently, under circumstances in which these processes are
important the 226Ra/232Th
ratio is not considered to be a stable 'fingerprint' unless the
2 2 6 ~and
a 232Thare bound to similar sites on the grains or the 2 2 6 ~excess
a
is small.
6. Observation of changes in 226Raand 228Raexcess on sediment in a fluvial system may
provide information on sediment residence times and transport rates.

8.4 Assessment of the Hypotheses
Hypothesis 1 proposed that;
Lithology is the dominant factor controlling the heterogeneity of 226Ra
and U2Thacross the landscape.
Nuclide correlations present in the rock are carried through to the soils developed from them. The
decay series are in secular equilibrium in soil material with the nuclides being present either on the
grain surfaces or in primary resistate minerals. Erosion and sorting of the soil material results in
sediments which have uranium to thorium series nuclide ratios equal to the uranium to thorium ratio
of the parent material.
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This hypothesis was not supported by the observations made in this thesis. Significant
disequilibrium was observed between "OTh and 2 2 6 ~ina soils and the 2 2 6 ~ a / 2 3ratio
2 ~ hwas in
many cases different to that of the parent rock. It was found, however, that the 2 3 0 ~ h / U 2 ~ h
ratio in all the soil samples examined was the same as the 238Uf32~h
ratio in the parent rock
(Section 4.3.2a). While the thorium isotopes 230Thand 2 3 2 ~were
h redistributed during soil
formation no differential mobilisation of the isotopes occurred at the sites examined (Sections
4.3.2a and 4.3.3). Consequently the 230~hlZ32~h
ratio in the soils was inherited directly from
the parent lithology. It was also shown that this ratio was unaltered by fluvial processes.

Hypothesis 2 stated:
The heterogeneity observed in 226Raand Z32Thacross the landscape is the result of soil forming
processes. The Z26Ra
distribution will not be correlated with 232Thin soils, because of the differences
in the relative mobility of these hvo nuclides. However, both 226Raand 232Thare dominantly M a c e

sorbed, either directly or in association with FeIMn oxide. Particle size separation during fluvial
transport therefore results in the 1:inearcorrelations observed in transported material. The 226Raf'2Th
correlations in sediments are there:fore related to soil formation effects.

This hypothesis was generally not supported by the evidence presented in this thesis.
While it was found that the heterogemeity of 226R@2Thratio across the landscape is the result
of the soil forming process, sorting soil material by particle size often produced fractions with
ratios. However, this hypothesis was supported by data from Site A
variable 226~@32Th
(Geebung Creek) at which all the decay series nuclides were found to be correlated with grain
surface area. This suggests that in some catchments this hypothesis may hold true and
2 2 6 ~ d 3ratios
2 ~ hwould be a usefbl iindicator of sediment source.

Hypothesis 3 stated that:
In coarse grained material (sands)
heavy minerals.

and + ) 2 ~ are
h primarily associated with resistate

Density seiparation of these minerals from the gangue results in the

correlations observed in modern sedments.

This hypothesis (explicitly examined in Chapter 6) was not supported by the
observations. It was found that the lithogenic radionuclide concentrations were probably
primarily associated with the secondary iron oxides in the samples examined. These oxides
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were present as surface coatings on the quartz and feldspar grains. These grains made up the
bulk of the material, consequently even in these coarse grained (0.5 - 1.0 mm dia) sediments
the radionuclides were associated with the bulk of the material and not some fluvially
separable mineral fraction.
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8.5 The Application of Lithogenic Radionuclides to the Sourcing of
Sediments
The following model of the mechanisms which control the 238Uand 2 3 2 ~decay
h
series
radionuclides in modem sediments has been developed from observations made in this thesis.
~h,
and 2 2 8 ~ a / 2 3ratios
2 ~ h with respect to their
It particularly concerns the 2 2 6 ~ a / 2 3 2230Th/232~h
application to the spatial sourcing olf sediments and in determining sediment transport rates
and residence times. Radionuclide distributions have been examined in each of the main
compartments in the erosion process (shown diagrammatically in Figure 8.1).
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Figure 8.1: Diagram showing the links between the rock, soil and sediment compartments
of the erosion process.

It is apparent from this figure that the radionuclide concentrations and ratios in the sediments
are a function of the distribution of the nuclides in the soil, and the effects of the processes
such as grain abrasion and sorting which occur during transport. The distribution of the
radionuclides in the soils are a function of both the concentrations present in the rock, and the
effects of the weathering on these concentrations. Significant redistribution of all of the
radionuclides can occur during soil formation, and none of the nuclides (including thorium) are
immobile during this process. However, while separation of both radium and thorium does
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occur during weathering, differential mobilisation of the thorium isotopes 2 3 0 ~and
h 2 3 2 ~ishnot
a significant process.
In the simplest terms a soil may be considered to consist of three main components;
clay minerals, resistate rock minerals and secondary oxides (Fe-Mn). The secondary oxides
are precipitated from the groundwater and consequently the radionuclide concentration in
these oxides are related to those in the groundwater. In the circumstances when the input
from external sources (to the groundwater) is small (Figure 8.1 arrow a) then, as no significant
2 ~ h in each of these
differential mobilisation of the thorium isotopes occur, the 2 3 0 ~ h / 2 3ratio
components in soil will be the same and indistinguishable from that of the rock (Figure 8.1
arrow b). As all of the soil particles have a uniform 230~hf32Th
ratio the processes which
occur during transport will not effect this ratio, and the ratio in the sediments derived frqm this
soil will be dependent only on the ratio in the rock from which it is derived.

Under these

conditions the '.'OTh/U2Th ratio would be usehl in distinguishing between sediments derived
from different lithologies within a catchment, provide that the lithologies have distinctive
230~h/Z32~h
ratios. An example of the possible application of 2 3 0 ~ h / 2 3ratios
2 ~ h to determining
the relative contribution from two catchments with distinctive lithologies which are supplying
sediment fiom distributed sources to a drainage net is given in Figure 8.2.
The circumstance where the input of thorium from an external source into the
groundwater is significant (Figure 8.1 arrow a) and the 230Th/U2Th
ratio in the groundwater is
ratio in the different
different to that in the parent rock, it is expected that the 230Thf32~h
components of the soil may be different. The '.'Th/U2Th ratio of the secondary oxides would
2 ~ h in the resistate
more closely resemble that of the groundwater, whereas the 2 3 0 ~ h / 2 3ratio
minerals would be closer to that of the parent rock. Then transport processes acting on the
2 ~ h vary between that of the
soil would produce sediments in which the 2 3 0 ~ h / 2 3ratios
groundwater and that of the parent rock. Under such conditions interpreting the 230Th/232Th
ratio in the sediments in terms of the spatial distribution of sediment source would be
complicated.

As differential mobilisation of radium and thorium occurs during pedogenesis, it may
~ h even
be expected that the different components in the soil will have different 2 2 6 ~ # 3 2ratios,
if the system is closed.

Consequently transport processes will be expected to produce

sediments with variable 2 2 6 ~ a / Uratios
2 ~ h which will not easily be related to the bulk ratio of
the soil from which they were derived (Figure 8.2). This will be the case unless the
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A diagram of a catchment containing two
distinctive rock type (basalt and sandstone).

stone Sediments present in the channels witlun each
of the lithologies are derived from those
lithologies (open circles sandstone, closed
circles basalt). The drainage nets from each
of the lithologies combine to form a single
channel. Sediments present in this channel
(open squares) are a mixture of the sediments
derived from the two lithologies
The basalt and the sandstone have distinctive
23ThP32Thratios (solid and dashed lines
respectively). The spread in concentration
results from difference in grain characteristics
(eg particle size and density)

232

232

Th, Bq ki'

--

Sediments derived from each of these
litholo~eshave the same = W 2 T h as the
parent rock (symbols as above). Sdments
from below the confluence are a mixture of the
sediments derived from the two lithologies.
The U?I'hf32Thratio on these sediments has to
lie between the two source area ratios. The
value of this ratio is dependent on the relative
mix fiom the two sources and the way
sediments with different concentration mix.
As the 226Raexcess varies throughout the two
source catchments each source area will
produce sediments with a range of 226Raf32Th
ratios. Interpreting these data in terms of the
relative contribution from each source area
would be more complicated.

Th, Bq k ~ '-

Figure 8.2: The expected behaviour of the 2 3 0 ~ h f 3 and
2 ~ h2 2 6 ~ a / 1 2ratios
~ h in fluvial
sediments derived fiom two distributed source areas which have distinctive
2 3 0 ~ h / Uratios
2 ~ h and a heterogeneous distribution of 2 2 6 ~excess.
a
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distribution of both thorium and radium in the soil is controlled by the the same mechanism
(e.g. both nuclides surface sorbed). Under such circumstances the transport related processes
will produce fractions which have a uniform 2 2 6 ~ d 3ratio.
2 ~ h If (i) the 2 2 6 ~and
a 2 3 2 ~are
h
a
over 2 3 0 ~varied
h
throughout a
bound on similar sites on the soil grains and (ii) the 2 2 6 ~excess
2 ~ h be used to distinguish sediments derived from different
catchment, then the 2 2 6 ~ d 3 could
points in the catchment even if it had a uniform lithology and a uniform 2 3 0 ~ v 3 ratio.
2~h
Figure 8.3 shows how, under these circumstances, the 2 2 6 ~ d 3ratio
2 ~ his likely to vary as a
fbnction of inputs from a series of point sources from within a uniform lithology.
The final element of this model does not relate to the spatial sourcing of sediment but
deals with the problem of sediment transport rates and residence times. The differential
a
over
mobilisation of radium and thorium in the soils means that both 228Raand 2 2 6 ~excesses
their respective parents occur. If it is assumed that these excesses develop only in the soil
profile, then once the material is transported into the fluvial system they may be expected to
decay back to equilibrium with their respective parents. Changes in either the 2 2 8 ~ora 2 2 6 ~ a
excess in through a fluvial system can be interpreted in terms of the mean time since the
sampled material entered the system if it is assumed that (i) the sediments entered with a
constant excess, (ii) no fluvial separation of the material containing the excess has occurred,
and (iii) that the system has remained geochernically closed since the sediments were detached
from the soil profile.

Figure 8.4 gives an idealised application of the 2 2 8 ~excess
a
to

determining sediment residence times.
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uniform rock ~ y p ,
e ~
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A diagram of a catchment with a uniform
lithology, in whch the =oThlU2Th ratio is
uniform through out but the 226Raexcess
varies from point to point. Sediments present
in the channel are derived from three distinct
point sources (large symbols on the catchment
diagram).
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These point sources all have distinctive
226Ra/L52Th
ratios (solid lines ), but a uniform
" W J 2 T h ratio.
Sediments derived from
each of these sources have distinctive
226Ra/232Th
ratios which are the same as those
in the bulk soils (symbols as above).

--

Input Ratios;
C
CV+
m
CV

Distance down stream

Variations in the 226W32Th
ratio in sediment~
along the channel are the result of inputs from
the three discrete point sources which have
distinctive 226Fbf32Th
ratios. The 230TNU2Th
ratio is constant in all the samples as they are
derived from a uniform lithogy

V

Figure 8.3: Example 2: a diagram showing the expected behaviour of the 2 2 6 ~ a / Uand
2~h
230~hlZ32~h
ratios in a catchment in which (i) the 2 2 6 ~concentrations
a
are in
excess of 230Th concentrations and the distribution of this excess is
heterogeneous (ii) the radium and thorium distributions on the grains are
contolled by the same mechanisms (iii) the catchment has a uniform lithology.
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Observation of a uniform 2jOTh/U2Thratio or other
source indicator along a fluvial channel suggests
that the sediments sampled have been derived from
a uniform source or mix of sources.
A uniform 226WZThratio along the channel
suggests that fluvial separation of the component
containing the radium excess is not occurring as a
function of distance.

ratio in these sediments of 1.0
A
suggests that any '% excesses on the sediments
are old compared with the half-life of
and
that the system has been chemically closed at least
over the last few years.
Given the above the systematic change in the '%a
excess along the channel can be interpreted in
terms of sediment transport rates and residence
times.
Distance down stream

-

Figure 8.4: An idealised diagram of the application of 2 2 8 ~excess
a
to determining sediment
transport rates and residence times

8.5.1 Model summary
It is considered that the 23Th/U2Thratio will provide a usefbl 'fingerprint' on sediments
2~h
in catchments which contain a number of rock types which have distinctive 2 3 0 ~ h I U ratios.
However, it is unlikely to be usekl in small catchments which have uniform lithologies. The
ratio may in some circumstances provide a usekl tracer 'signal' in
heterogeneity of 226Ra/232Th
small catchments which have a uniform lithology. Finally it is considered likely that the
observation of systematic changes in the 228Raexcess in sediments will prove to be a usefbl
tool for examining sediment transport rates and residence times.
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Part I11
Three examples of the application
of U

8

and
~ U 2 ~ decay
h
series nuclides to sediment tracing
problems.

The model of lithogenic radionuclide behaviour in fluvial sediment described in chapter
8 has been applied to three distinct sites. In chapter 9 the model is applied to the Geebung

Creek catchment. This catchment has a uniform lithology and the soils have a uniform
230Th/U2~h
ratio, but the 226~a/U2Th
ratio is heterogeneous.
In chapter 10 2 3 0 ~ h / 2 3ratios
2 ~ h are used to examine the sources of sediment to the
Jenolan Caves, New South Wales. McKeowns Valley is the main catchment area for the
Jenolan Caves. These caves which are a major tourist attraction are filling with sediment. The
sediment is being derived fiom McKeowns Valley. The NSW tourist commission which is
concerned over the potential damage this sediment is doing to the caves would like to know
where to target soil conservation works. The catchment contains two rock types which have
distinctive 2 3 0 ~ h / 2 3ratios
2 ~ h (section 4.3.2 sites B and C) this makes it an ideal site to examine
ratios to a sediment sourcing problem.
the application of 230Thf32Th
In chapter 11 the application of the '"Ra excess to determining sediment transport
rates and residence times for sediments fiom the Murmmbidgee Reach of Lake Buninjuck,
New South Wales, is examined.

--
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Chapter 9: Identifying Sediment Sources in a
Catchment with a Uniform Lithology
9.1 Introduction
The dry sclerophyll forests on the south-east coast of New South Wales (NSW)
have been the subject of logging operations since the late 1960's. Most of the forested
area is underlain by granite bedrock and the soils developed over these are generally
considered to be easily erodible [Moore et al., 1986al. The public concern over the
impact of these logging operations on water quality, sediment delivery and destruction of
habitat, is described by Routley and Routley [1974]. In response to this concern six
experimental catchments were established to provide data on the erosional behaviour of
the granite soils within the wood chip concession [Olive and Rieger, 19871. This chapter
examines the sources of bedload sediment in one of these catchments over a two and a
half year period following partial logging of the catchment.
Assessing the impact of logging operations on sediment delivery to stream-lines
often entails intense monitoring programs which are expensive in terms of both time and
resources. An alternative method is to trace sediments from within the stream-lines back
to their source. This offers a direct method of determining whether the material is being
derived primarily from the erosion of logged areas. Such an approach involves the
measurement of some source specific label, such as clay mineralogy, sediment colour
and major element chemistry [e.g.; Woods, 1978; Grimshaw and Lewin, 1980; Walling
and Kane, 19841. To be widely applicable, a tracer needs not only to be distributed
throughout the bulk of the sediment, but also to have a high probability of providing a
unique label for that sediment. Natural and anthropogenic radionuclide concentrations
in sediments have been shown to provide such labels [Wasson et al., 1987; Sutherland
and de Jong, 1990; Murray et al., 1993; Olley et al., 19931. Correlations between
2 2 6 ~and
a 232Th have been used to characterise sediment sources where each source has
a unique

2 2 6 ~toa 232Thconcentration ratio [Murray et al., 1993; Olley et al., 19931.

The purpose of this study was to use lithogenic and fallout radionuclides to test
the hypothesis that sedirnents moving

within a partially deforested catchment were

derived primarily from the logged area. Radionuclide concentrations in sediment moving
in the stream-lines within the catchment are studied both spatially and temporally,
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and the likely effects of particle size and density separation during transport are
examined. Variations in the radionuclide data are then interpreted in terms of sediment
sources.

9.2: Catchment Description and Previous Studies.
The Geebung Creek catchment (site A in chapter 4 and 5) is situated in the
Yambulla State Forest about 30 km inland from the south-east coast of NSW (Figure
8.1). The 76.9 ha catchment ranges in altitude from 157 m at the weir to 331 m on the
highest ridge. Eighteen percent of the catchment has a slope of 0 - 5%; 32% has a slope
of 6

- 10%; 27% has a slope of 11 - 15%; and 23% has a slope of 15% [Moore et al.,

1986bJ.

I
Location Map

I

"

@ Sample SS1 to 7

m

Logged Area
Log Dump

lOlm contours
7
-

Figure 9.1: Map of the Geebung Creek catchment showing location and the
sampling points
The catchment is underlain by the Yambulla granite pluton, part of the Bega
Batholith, and outcrops occur throughout the catchment. The granite has uranium and
thorium concentrations of

4.4 ppm (+ 10%)

and 24.0 ppm (k 5%) respectively
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[B. W.Chappel1 pers. comm. 19921. These correspond to activities of 5425 Bq kg-' for

uranium and 9 7 ~ Bq
5 kg-' for thorium giving an activity ratio of 0.56 + 0.06.
The catchment soils have been described by Moore et al. [l986 a, b].

In

summary, soils are generally less than a metre deep in the upslope areas, a somewhat
greater depth in the lower-slope areas, and in all cases overlie weathered granite. They
consist predominantly of coarse textured profiles (sandy loams and loamy sands) that are
massive, have shallow A-horizons and grade sharply into decomposing rock at depths of
40 - 100 cm. The surface soils have high organic carbon contents (3 - 10%), low bulk
densities (0.85 - 1.1 g cm')) and are considered to be highly erodible.
The stream channel is narrow, generally less than 2 m bank to bank. It is deeply
incised in sections (down to -1 -5 m) in the lower catchment and in these areas local bank
collapse is evident. The bedrock is exposed along most of the lower channel. The stream
channels are less well defined in the upper catchment and are lined with native grasses
and reeds. Sediment in the channel is not contiguous, but consists of a series of sediment
lobes, usually located in slackwater areas.

Observation suggests that sediments

accumulate in the channel during low intensity rainfall events and that periodically a
large proportion of this sediment is flushed out of the catchment during high intensity
storms.
The entire catchment understorey was burnt in December 1972. In September
1979, a 140" V-notch weir was constructed at the outlet of the catchment (Figure 9.1).
The southern part of the catchment was logged and then burnt (Figure 9.1) in June - July
1987 [Mackay, 19881. The erosion mitigation and catchment protection procedures
applied during logging included retention of 40 m buffer strips of vegetation on either
side of the stream-lines for stream gradients greater than 18" and 20 m for lesser
gradients; retention of seed trees; drainage of logging tracks, log landings and roads; and
restrictions on the movement of logging equipment near sensitive areas.
The logging was followed by a 6 month period in which only low intensity rain
events occurred. Crapper et al. [l9891 in a study of the pre and post logging hydrology
of the catchment noted that logging increased the water yield from the catchment. Rieger
et al. [l9791 and Olive and Rieger [l9871 examined suspended sediment supply and
concluded that logging and wildfires increase the supply of suspended sediment to the
streams. This study is the first examination of the sources of bedload in the catchment.
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9.3 Sampling Methods and Sample Treatment
Five groups of samples were collected. These are listed in Table 9.1 and are
described below.

Table 9.1: Types of samples collected from the Geebung Creek Catchment

m
Description
Point source : Four samples A l , A13, A16 and A1 8 used to characterize the
radionuclide signatures to be expected from point sources.
Stream Bank : Five samples collected, from areas of localized bank collapse along
the main channel below the confluence, to characterize the variability
in the stream banks.
Sediment Trap: Bedload samples collected using fixed passive sediment traps, during
storm events over a 700 day period.
Sediment : Seven bedload samples (SS1 to SS7) collected from the major
sediment bodies present in the main channel below the confluence

9.3.1 Point source samples
Fluvial transportation results in sorting of soil material by particle size and to a
lesser extent by density [Krumbein and Sloss, 19631. In this study four samples were
used to examine the types of relationships that might be expected between lithogenic
radionuclides in sediments derived from point sources within the catchm,ent. Samples A1
and A18 from the upper catchment (Figure 9.1) and samples A13 and A16 from the
lower catchment.
Sub-samples of all the samples were separated by wet sieving into size fractions;
<63 pm, 63-125 pm, 125-250 pm, 250-500 pm, 500-1400 pm, 1400-2000 pm, and
>2000 pm. The <63pm fractions from samples A13 and A16 were additionally separated
into < 3 8 p and 38-63pm fractions.

Heavy minerals (>2.95 g cm')) were also separated

from samples A13 and A18. The particle size fractions and density separates were
analysed to determine the type of radionuclide distribution to be expected from fluvially
transported sediments derived from point sources within the catchment. The results of
this work were discussed in chapter 5, sections 5.3.1 and 5.3.2.

9.3.2 Stream bank samples
Five samples (A13 to A17) were collected from the stream banks along the
channel below the confluence (Figure 9.1) to characterise the variablity in the
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radionuclide signature of the banks. In each case the samples were collected from areas
of exposed bank in which bank collapse was evident.

9.33 Bedload samples
A sequence of event based samples was collected, using shallow steel traps fixed

into stream beds, from both the logged and unlogged areas of the catchment and from the
channel down stream of the junction (Figure 9.1). These traps (4cm deep X 20 X 40cm)
were partially enclosed to ensure that bedload material which entered the trap did not
escape. They were placed in the catchment after the post-logging bum in 1987. The
logging operation was followed by a period of low rainfall and the first samples were
collected 260 days after the post-logging bum, following an 80 mm rain event. Traps 1
and 2 were emptied six times in a 700 day period from the first sampling. The largest

rain event during this period was 165mm (72 hours) which has a return period of -2
years. The remaining traps were all emptied on at least 2 occasions in this period. Traps
1 and 2 were located in the stream-line directly below the area used as the log dump
during logging (Figure 9.1).

In addition, seven 2kg samples (SS1 to SS7) were collected from the weir up the
stream-line to the confluence of the logged and unlogged arms (Figure 9.1). Each sample
consisted of up to 20 subsamples taken along a 10m section of the channel. They were

all recently deposited, predominantly coarse grained sands. Samples SS5 and SS6 were
collected from adjacent locations (Figure 9.1) in the channel. Sample SS5 came from a
sediment bar onto which a new bedload material (SS6) was being deposited. The seven
samples are'representative of the major sediment bodies present in the downstream
stream-line at the time of sampling. A lkg sub-sample of each sample was particle size
separated. Radionuclide concentrations were determined in the particle size fractions
from samples SS2, SS3, SS6 and SS7.

9.4 Results and Discussion
All of the samples were analysed by gamma spectrometry, selected samples (26

out of 49) were analysed for thorium isotopes by alpha spectrometry. The analyses of
samples used in this chapter are presented in Appendix G.

Page 152

Identifjling Sediment Sources in a Catchment with a Uniform Lithology

9.4.1 Equilibrium conditions
The parent/daughter activities for all the samples are plotted in Figures 8.2a,b and
c. The concentrations of 228Thand its parent 2 2 8 ~are
a clearly consistent with equilibrium,
(Figure 9.2a). This is similar to observations made at other study sites [Murray et al.,
1991; Murray et al., 1993; Olley et al., 19931. In each study the authors assumed secular
h
series and calculated the concentration of 2 3 2 ~from
h the
equilibrium in the 2 3 2 ~decay
h 2 2 8 ~activities.
a
The measured concentrations of 2 3 2 ~ h
weighted mean of the 2 2 8 ~and
are plotted against 2 2 8 ~concentrations
a
in Figure 9.2b. All of the samples from Tray 2
have 2 2 8 ~concentrations
a
in excess of its 2 3 2 ~ hHowever,
.
the 2 3 2 ~decay
h
series is in
equilibrium in all the other sediment samples examined.

Consequently, the 2 3 2 ~ h

concentrations for those sediment samples (collected by traps other than Trap 2) for
which thorium was not analysed have been calculated from the weighted mean of the
228

Th and 2 2 8 ~activities,
a
assuming secular equilibrium in the 2 3 2 ~decay
h
series. This

assumption is considered reasonable given the above data. A 2 2 8 ~excess
a
is also evident
in one of the bank samples. All of the bank and point source samples were analysed by
a 230Thare typically
both gamma and alpha spectrometery. Concentrations of 2 2 6 ~and
not in equilibrium in all of the samples; 2 2 6 ~isa in excess of its parent by up to 40%
(Figure 9.2~).

9.4.2 U O ~to
h U 2 ~and
h 2 2 6 ~toaU 2 ~relationships
h
The concentrations of

in the sediment samples are plotted against 2 3 2 ~ h

concentrations in Figure 9.3a. As expected from the uniform lithology the data are
consistent with a single regression line pointing to the origin (2=0.98); the mean
230Th/232Th
ratio is 0.582 + 0.008 (n =26). This is consistent with the single activity ratio
measurement for U/Th of 0.56

+ 0.06 (calculated from the concentration data) for the

Yambulla Granite. This suggests that no differential loss of the thorium isotopes had
occurred during weathering (as was shown in chapter 4 for the soil samples from this
ratio means that it is of little use in
catchment). The uniformity of the 230~h/232Th
distinguishing sedirnents derived from different areas of the catchment.
In contrast, the 2 2 6 ~toa 23ZTh concentrations show a wide scatter (Figure 9.3b),
with 226~a/232Th
ratios ranging from 0.56 to 1.7. However there is considerable overlap
between sediments collected from the different areas of the catchment. The spread in the
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Figure 9.2: Pareddaughter activity plots for all sediment samples from the Geebung
Creek Catchment. In each figure the dashed line represents the
equilibrium condition. Data from Trap 2 saples shown as open symbols.
Except where shown, analytical uncertainties equivalent to one standard
error are smaller than the symbol size.
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Figure 9.3: Concentrations of (a) " O T ~ and 2 3 2 ~ and
h , (b) 2 2 6 ~and
a 232Th
in sediment
samples from Geebung Creek. Except where shown, analytical
uncertainties equivalent to one standard error are smaller than the symbol
size.
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226

Ra/Z3ZThratio indicates that it may be of use in distinguishing different sediment source

areas within the catchment, but to proceed further, an understanding of the 2 2 6 ~ a / 2 3 2 ~ h
relationships to be expected from erosion of sediment derived from point sources is
needed.

9.4.3 Point sources
The four soil samples (A l, A18, A 13 and A 16) were used to examine the likely
radionuclide distributions in material derived from point sources within the catchment.

In chapter five it was shown that the particle size fractions of soils derived from points in
this catchment have constant

2 2 6 ~ a232Th
/
activity ratios.

While the >2.95 g cm"

fractions were found to have variable 226~a/232Th
ratios this fraction was typically 4 . 5 %
of the samples by weight and did not significantly contribute to the total activity of the
samples. This suggests that particle size separation will be the predominant fluvial
process effecting the radionuclide concnetrations, and that sediments derived from a point
source will have a uniform 226~a/232Th
ratio.

It was shown in chapter 4 that the

226~a/232Th
ratio varies both horizontally and vertically in soils. In this context the term
point source therefore refers to a small area constrained both vertically and horizonally.

9.4.4 Sediments collected from below the log dump
The 2 2 6 ~ a / 2 3ratios
2 ~ h have been calculated for the samples collected from Traps 1
and 2 and are plotted against time in days since first sampling in Figure 9.4.

Trap 1

collected sediment with 2 2 6 ~ a f 3 2 T
ratios
h consistent with a uniform value (0.90 9.02).
This suggests that the sediments collected by this trap have been derived from a constant
source or mix of sources over the 700 day sampling period. The 2 2 6 ~ a f 3 2 T
ratio
h data
from the Tray 2 sediments is more variable (ranging from 1.13 + 0.08 to 0.70 & 0.07).
This suggests that these Trap 2 sediments are derived from a number of point sources.
a
in excess of 232Th
It was shown above that the concentrations of 2 2 8 ~were
concentrations in the Trap 2 samples.

The 2 2 6 ~ a / 2 2ratio
8 ~ a has been calculated and is

plotted against days since first sampling in Figure 9.5. This ratio in these sediments is
consistent with a uniform value of 0.659 + 0.014.
The 2 2 6 ~and
a 2 2 8 ~excesses
a
have been calculated and are plotted in Figure 9.6.
The 2 2 6 ~and
a 2 2 8 ~excesses
a
are correlated (?=0.94) with an intercept close to zero.
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Figure 9.4: The 2 2 6 ~ a / 2 3activity
2 ~ h ratios in the sediments collected from Traps l and
2, Geebung Creek catchment against time of sampling. Except where
shown, analytical uncertainties equivalent to one standard error are smaller
than the symbol size.
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Figure 9.5: The 2 2 6 ~ a / 2 2activity
8 ~ a ratio in the sediments collected from Trap 2,
Geebung Creek catchment against time of sampling. Except where shown,
analytical uncertainties equivalent to one standard error are smaller than
the symbol size.
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Figure 9.6: 2 2 8 ~excess
a
against 2 2 6 ~excess
a
in the sediments collected from Trap 2,
Geebung Creek catchment. Error bars represent analytical uncertainties
equivalent to one standard error. The regression line (solid) and 95%
confidence limits (dashed lines) are shown.

This association of the two excesses explains the lower variability in the 2 2 6 ~ a / 2 2ratio
8~a
compared to the 226~a/232Th
h the sediments. The correlation between the 2 2 6 ~and
a 228~a
excesses also indicates that both nuclides were CO-depositedon the sediments either in the
soil profile prior to transportation or from the stream waters. Given the low salinity of
the surface waters in this catchment [Gippel, 19891 and particle reactive nature of radium
(see chapter 2, section 2.4.3) it is considered that this deposition is most likely to have
occurred in the soils prior to transportation. This assumption is supported by the fact that
concentrations of 2 2 8 ~ina the sediments are in equilibrium with its daughter 228Th.This
a
is old compared to the half-life of 2 2 8 ~(1.8
h years) and that
indicates that the 2 2 8 ~excess
a not been recently sorbed. Furthermore, the correlation between the
the excess 2 2 8 ~has
radium excesses also implies that all the sediments were exposed to groundwater with a
8 ~ a ratio; they must also be of uniform age which must be less
uniform 2 2 6 ~ a / 2 2activity
than a few half-lives of 228Ra.
The presence of the 2 2 8 ~excess
a
on the sediments has the potential of providing
information on sediment residence and transport times. Given the assumption that this
excess was developed in the soil, then the excess can be expected to begin to decay back
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to equilibrium following transportation.

a
that
The short half-life of 2 2 8 ~means

concentration of 2 2 8 ~ina excess of 232Thcan be used to examine sediment transport and
storage on a time scale of up to a few 2 2 8 ~half-lives
a
(-30 years).
As the Tray 2 sediments were not derived from a common point source

2 ~ h it is not valid to attempt to interpret the
(evidenced by the variable 2 2 6 ~ a / 2 3ratio),
differences in

228

Ra excess in terms of different residence times or transport rates.

Nevertheless, the presence of the 2 2 8 ~excess
a
does indicate that these samples have been
in transport for a relatively short period of time (<<30years). It is considered that it
would be possible to design experiments to study sediment transport rates or residence
a
in this catchment.
times using the 2 2 8 ~excess

When combined with indicators of

sediment source such as 226~a/232Th
and 230~h/232Th
ratios, observation of this excess
should provide a useful new tool for examining bedload transport processes.

9.4.5 Stream bank samples
The 2 2 6 ~ a / 2 3 activity
2~h
ratios of the stream bank samples collected from the
lower channel are shown in Table 9.2.
p
-

p

P

TABLE 9.2: Sampling distance upstream of the weir, 2 2 6 ~ a / 2 3ratios
2 ~ h and 1 3 7 ~ s
concentrations (Bq kg-') for the stream bank samples collected from
Geebung Creek. Uncertainties are equivalent to one standard error.
Sample
B1
B2
B3
B4
B5

Distance (m)
200
295
300
380
400

226~a/232~h

0.79 t 0.03
0.88 + 0.02
0.796 + 0.019
1.80 + 0.03
0.505 + 0.006

137cs
0.3 t 0.2
-0.5 +: 0.4
0.6 t 0.4
0.3 & 0.2
0.04 & 0.17

The 2 2 6 ~ a / 2 3ratios
2 ~ h vary markedly from sampling point to sampling point, ranging
from 0.505

0.006 to 1.80 + 0.03. The ' 3 7 ~concentrations
s
in the samples are all low

(within two standard errors of zero) and with a maximum value of 0.6 + 0.4 Bq kg-'.
Sediments derived from points along the stream banks could therefore be
expected to have distinctive 2 2 6 ~ a / 2 3ratios
2 ~ h and low 137Cscontents.
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9.4.6 Sediment in the channel
The particle size distributions and mineralogy of samples SS1 to SS7 (Figure 9.1)
showed that all were predominantly coarse grained (> 60% grains >500 pm) and consist
largely of quartz and feldspar grains (iron oxide coats and staining were present on most
of the grains). The downstream samples (SS1 to SS4) are coarser than those upstream
(SS5 to SS7; 60% compared to 40% of the sample >2mm).
The 2 2 6 ~ d 3 ratios
2 ~ h for all the sediment samples collected are plotted against
distance upstream from the weir in Figure 9.7. If a single well mixed source dominated
the sediment present in the stream-lines, then a uniform 2 2 6 ~ a / 2 3ratio
2 ~ h would be
expected in the sediments collected down the stream-line. However, the 2 2 6 ~ a / 2 3ratios
2~h
in the sediment varied markedly from one sampling point to the next, as was the case
with the samples from Trap 1 and 2. Given that these ratios are unaffected by particle
size separation (section 5.3.lb) which is the predominant fluvial sorting process
[Krumbein and Sloss, 19631 these variations are unlikely to be the result of some

transport related phenomena, and therefore the changes in ratio along the stream-line
suggests that numerous small sources are supplying sediment to the stream-lines and no
one source is dominating. Furthermore, these data suggest that longitudinal mixing in the
channel is poor.
To test these conclusions, four of the trunk stream samples were separated into
various particle sizes and each size fraction was analyzed . All these samples have
similar 2 2 6 ~ d 3 ratios
2 ~ h of about 0.65. The 2 2 6 ~and
a 232Thconcentrations for the size
fractions analyzed from SS2 and SS3 (Figure 9.8) are consistent with a single regression
line with a slope of 0.607

+ 0.007 and an intercept within analytical uncertainty of zero

(1+2). The data from samples SS6 and SS7 are also consistent with a single regression
line (intercept 0 + 5) but with a slope of 0.679 + 0.018. These data are clearly consistent
with these groups of sediment being derived from separate source areas. Given that the
sample locations for these two groups were less than 400 m apart, and that they were
ratios of 0.971
separated by SS4 and SS5, which have 226~a1232Th

+ 0.005 and 0.97 +

0.018 respectively, this supports the suggestion that sediments present in the stream-line
are poorly mixed and derive from a large number of small source areas which have
different radium ratios.
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Figure 9.7: The activity ratio of 226~a/232Th
as a function of distance upstream from
the weir, for sediment samples from the Geebung Creek catchment.
Dashed line shows the location of the confluence. Except where shown,
analytical uncertainties equivalent to one standard error are smaller than
the symbol size.

Figure 9.8: Concentrations of 2 2 6 ~and
a 2 3 2 ~inh the particle size fractions from
sediment samples SS2, SS3, SS5 and SS7, Geebung Creek catchment.
Except where shown, analytical uncertainties equivalent to one standard
error are smaller than the symbol size.
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9.4.7 Fallout nuclide data
The atmospherically derived radionuclide "'CS has been widely used in erosion
studies [e.g. Ritchie et al., 1974; Burch et al., 1988; Wallbrink and Murray, 19931.
Concentrations in undisturbed soil profiles usually decrease exponentially with depth,
with more than 90% of the total activity in the top 10-20 cm.
Concentrations of 1 3 7 ~inssediments are known to be affected by the particle size
distribution of the material [Olley et al., 19911.

L 3 7 tends
~ s to be sorbed onto particle

surfaces and consequently tend to be in higher concentrations on the finer particles. It
was shown previously that variation in the particle size distribution occur in the
sedirnents present in the stream-line. Therefore to determine whether or not changes in
137

CS concentrations in stream-channel sediment samples are the result of dilution by

subsoil, or result from changes in particle size of the material, a method of minimising
the effects of particle size variation is required.
The concentrations of 232Thhave been determined on the particle size fractions
from six samples. The mean, standard deviation and standard error have been calculated
for each particle size fraction and are presented in Table 9.3. The concentrations of 2 3 2 ~ h
range from 234

+ 8 Bq kg-' on the c63 pm to

17.7 + 1.4 Bq kg-' on the 1.4 - 2 mm

fraction, a total range of more than 215 Bq kg-'. In contrast, variations of the 232Th
concentration within an individual particle size fraction is small, as evidenced by the data
in Table 9.3.

Variations of the concentration of 2 3 2 ~inh samples are clearly dominated

by changes in the particle size of the samples.

Table 9.3. Variations in the concentration of 2 3 2 ~(Bq
h kg-') with particle size for
samples from the Geebung Creek catchment.

n=
mean
std. dev.
std. err.

6
234
19

8

4
100
16
8

4
37
7
3

6
2 1.4
2.0
.$

5
17.8
1.6
.7

5
17.7
3.2
1.4

The 232Thand ls7csconcentrations and the '37~s/232Th
ratios for the particle size
fractions from sample A18 have been plotted against particle size in Figure 9.9. The
s from 6.1 to 0.2 Bq kg-'. Despite this, the " ' C S I ~ ~ratio
~ T ~in
concentrations of 1 3 7 ~range
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Partide size (m)

Figure 9.9: Concentrations of 1 3 7 ~and
s 232Th(bottom) and the 1 3 7 ~ s / 2 3(top)
2 ~ hin
the particle size fractions from sample A18, Geebung Creek catchment.
Except where shown, analytical uncertainties are smaller than the symbol
size. The mean ratio and uncertainty (one standard error on the mean)
are shown as solid and dashed lines respectively in the top figure. The
137
CS axis has been offset for clarity.

0

-

-

A

LoggedArm
Unlogged Arm
Trunk Stream
Samples SS1 to 7
1

1

m

I

1

Distance from Weir (m)

Figure 9.10: The 137~s/232Th
activity ratio against distance upstream from the weir,
for sediment samples from the Geebung Creek catchment. Except
where shown, analytical uncertainties equivalent to one standard error
are smaller than the symbol size. The dashed line shows the position of
the confluence.
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each of the fractions are within analyctical uncertainty and are consistent with a uniform
s
by 2 3 2 ~concentrations
h
should remove the
value. Thus dividing 1 3 7 ~concentrations
effects of particle size differences in this and in other samples.
The 1 3 7 ~ s p 2 Tratio
h for the samples collected from the streamline have been
calculated and are plotted against distance upstream of the weir in Figure 9.10. The
137

C S P ~ ratio
~ T ~is relatively high in the upper section of the stream-line draining the

logged arm. However, while 1 3 7 ~issstill present in the downstream samples the ratio is
significantly lower. This suggests that surface soil is entering the stream-line from the
logged area, but that it is being diluted by

"'CS

poor subsoil, probably from the stream

-banks, as the bedload moves downstream. These observations support the conclusion
from the lithogenic radionuclide data that point sources along the streamline, rather than
surface soil derived from overland flow, dominate the sources of bedload sediment in the
catchment.
Note: Logging was followed by 6 months of dry weather, with only intermittent low
intensity rainfalls. This allowed regrowth to occur in the logged catchment,
favouring a low sediment yield from the logged areas. If the first 80 mm rain
storm had occurred immediately after logging, the results of this study may well
Furthermore, Crapper et al. [l9891 demonstrated that
have been different.
logging significantly increased the water yield of the catchment and this may have
also increased erosion of the stream banks.)

9.5 Summary
1.

The 230Th/232Thratio of samples from this catchment were very uniform and all
within analytical uncertainty of the bedrock U r n ratio. Consequently the
230Th/232Th
ratio was not useful for distinguishing sediment sources within this
catchment.

2. The 226~a/232Th
ratios on the sediments, which ranged from 0.52 to 1.8, proved to

be useful in distinguishing different source areas. Point sources were found to
have different 2 2 6 ~ a / 2ratios.
3 2 ~ Variations in the 226~a/230Th
ratios in the
sediments present in the drainage lines indicated that no single source dominated
the sediment present in the Geebung Creek and these data were used to reject the
hypothesis that the logged area was the dominant source of sediment in the
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catchment. This conclusion was supported by the normalized 1 3 7 data,
~ s which
indicated that while some surface derived material had entered the channel below
the logged area, it was diluted by subsoil sources along the drainage line,
presumably from erosion of the stream banks. Bedload leaving the catchment is
therefore dominated by material derived from the stream banks.

3. The presence of a 2 2 8 ~excess
a
over 2 3 2 ~concentrations
h
on the sediments from
Tray 2 indicates that these sediments have been in transport for less than 30 years.
It is considered that observation of this excess, when combined with indicators of

sediment source such as 2 2 6 ~ a / 2 3and
2 ~ h2 3 0 ~ h / 2 3ratios,
2 ~ h could provide a useful
new tool for examining bedload transport processes.
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Chapter 10: Sourcing Sediment in the McKeowns
Valley Area NSW using 230Th/232Th
ratios

In chapters 4 it was found that the 230Th/232~h
ratios in soils formed on a uniform rock
type were identical to the U/Th ratio of the rock. Evidence presented in chapter 5 showed
that various particle size and density fractions derived from the soils have a constant
2 3 0 ~ h / 2 3activity
2 ~ h ratio. This ratio was also shown to be unaffected by grain abrasion. This
suggested that fluvial transport of material derived from a soil formed from a uniform rock
ratio, independent of which
type should result in sediments which have a uniform 230ThlZ32~h
particle sizes or densities are sampled. From these observations the model proposed in
Section 8.5 was developed. In summary this model poses that the 2 3 0 ~ 2 3ratio
2 ~ hwill be a
good indicator of sediment source in catchments which contain rock types which have

h
distinctive 2 3 0 ~ 2 3 2 Tratios.

The application of this model to the spatial sourcing of

sediment is examined in this chapter for the McKeowns Valley Area, NSW.
This valley is the main catchment area for the Jenolan Caves a major New South
Wales tourist resort.

Concerns over rising water levels and apparent increases in the

sedimentation rate in the most popular tourist cave at Jenolan, Imperial Cave, led to an
investigation of the sources of sediment in the cave system by Murray et al., [1993]. Of
primary concern was whether or not forestry disturbance in the catchment had caused the
apparent increase in sedimentation. The study used empirically observed correlations
a 232Th (calculated from the weighted mean of
between the. lithogenic radionuclides 2 2 6 ~and
2 2 8 and
~ ~ 228
Th concentration assuming secular equilibrium) to determine the sources of
sediment entering the underground river system. In effect the study used 2 2 6 ~toa Z 2 8 ~ a
correlations to trace sediment. The sediment source areas defined in the sediment study had
distinctive lithologies (described below) making it ideal for testing the application of
2 3 0 w 3 2 n

ratios to the spatial sourcing of sediment (section 8.5).

The samples collected by Murray et al., [l9931 have been analysed for thorium
isotopes. These results have been interpreted in terms of sediment source areas and then
compared to the results of Murray et al., [1993]. Decay series equilibrium conditions are
h
series.
also examined, particularly the assumption of secular equilibrium in the 2 3 2 ~decay
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10.1 Catchment Description
The McKeowns valley is located within the Jenolan Plateau in the Oberon district of
the NSW Eastern Highlands at about 1200m above sea level.

The Jenolan caves are

developed in Silurian limestone, part of a sequence of folded Paleozoic sediments and
volcanics. A map of the catchment showing the drainage patterns and location of the major
source areas as taken from Murray et al., [l9931 is shown in Figure 10.1 together with a
diagram of the underground system.
The headwaters of the Jenolan river are a few hundred metres south of the divide
between McKeowns valley and the Bindo catchment. The surface river flows to the east of
the limestone belt for the first 6 km, and then through the limestone for the last 5 km to the
Devils Coach House, where the underground river emerges.
Under normal flow conditions the river sinks through the sandy channel bed just
downstream of the Terrace Creek confluence. The river bed is normal1.y dry downstream of
this point but with increasingly larger floods surface water flows progressively further
southward. The only open connection between the underground system and the surface is the
entrance to Bow Cave. This is level with the top of the river bank, 0.25m above the river
channel. During flood events this entrance takes a significant volume of the river flow and
provides the only direct entrance for surface derived sediment into the cave system.
Flow entering Bow Cave flows down Sand Passage to Lower River Cave where it
joins the underground stream (Lower River). Flow in this underground channel is permanent
and Dunkley et al., [l9881 suggested that this underground stream may receive water from as
far north as the sinkhole terrain on the Bindo side of the Jenolan/Bindo divide. Lower River
then flows into Imperial Cave, one of the prime tourist caves in the area.
Murray et al., [l9931 divided the catchment into two main distinguishable potential

a
(i)
source areas based on location, drainage, lithology and the 2 2 6 ~toa 2 2 8 ~correlations
Western Ridge (WR), an area with shallow soils formed on steeply sloping interlain basalt
and mudstone (Fig 9.1), and (ii) Terrace CWBindo Divide catchments (TcWJBD),
characterised by deep soils formed on a sequence of volcanoclastic sediments, siltstones,
sandstones and chert.
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Figure 10.1: (Top) A map of the Jenolan catchment showing the drainage patterns and
major source areas, and (bottom) a diagram of the underground cave
system [after Murray et al., 19931
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10.2 Sampling and Sample Treatment
The samples were analysed by alpha spectrometry for thorium isotopes. A list of the
samples analysed is presented in Table 10.1.
Table 10.1: Number and type of samples from McKeowns Valley which have been
analysed for major element concentrations and thorium isotopes.

Number

Sediment Source Area

2

Terrace Creek
Composite samples each consisting of 50 soil cores 50mm dia.
and lOOmm deep collected on a grid pattern
samples from a small dam towards the outlet of the catchment

3
l

Jenolan/Bindo Divide
composite soil samples similar to those from Terrace Creek
grab sample from the river bed above Terrace Creek

2

3
4

Western Rid=
grab samples from the three large sediment fans
composite samples from sixteen soil samples collected from the lower third of
Western Ridge
Underground Sinks

ll

samples from a sediment core collected from sand passage
Lower Creek Cave

5
1
2

from a sediment core
grab sample from beneath the cobbled river bed
samples stratigraphically above the top of the core. The samples contained
modem material as evidenced by germinating seeds on the top of the deposits
and the presence of pine bark within the sediment.

The cores collected from the underground sinks are shown diagrammatically in Figure 10.2.
The sedimentary correlations and chronologies are also shown in this figure.

A full

description of the sampling locations and procedures are given in Murray et al., [1993].
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Figure 10.2: Diagram of the Lower Creek and Sand Passage Cores from the Jenolan
Caves, showing sampling points, stratigraphic correlations and chronologies
(after Murray et al., [1993])

10.3 Results and Discussion
The gamma [Murray et al., 19931 and alpha spectrometry analyses of the sample used
to characterise the sediment source and those from the two major sediment sinks are
presented in Appendix H.

10.3.1 Equilibrium conditions
The relevant pareddaughter concentrations are presented in Figure 10.3. The 2 2 8 ~ a
and 228Thconcentrations all plot on the equilibrium line (solid line Figure 10.3a) indicating
that these nuclides are in equilibrium. Murray et al., [l9931 used this information as
evidence that the

232

Th decay series was in secular equilibrium and then calculated the

concentration of '"Th from the weighted mean of the gamma spectrometry determination of
a 228Thconcentrations.
the 2 2 8 ~and
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Figure 10.3: Parentldaughter concentrations for the Sink samples (closed circles) and
Source area samples (open circles) from McKeowns Valley. (a) 2 2 8 ~and
a
2 2 8 ~(b)
h 2 2 8 ~and
a '"Th (c) 2 2 6 ~and
a "OTh. The solid line in each figure
indicates equilibrium. Error bars represent uncertainties equivalent to one
standard error, in many cases these are smaller than the symbol size.
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Figure 10.3b shows the " ' ~ a to measured

concentrations. Whilst most of the

2 3 2 ~

samples collected from the sediment sinks lie on or close to the equilibrium line, most of the
samples used to characterise the sediment sources have concentrations of 2 2 8 ~ina excess of
its parent 2 3 2 ~(also
h see section 4.3.1). Clearly, the assumption of equilibrium in the 2 3 2 ~ h
decay chain is incorrect for the samples from the source areas. This has serious implications
for the Murray et al., [l9931 study. The presence of a "'Ra excess on the source samples
means that the 2 2 6 ~ a / 2 2ratio
8 ~ aon these samples is not directly comparable to the 2 2 6 ~ a / 2 2 8 ~ a
ratio on the sink samples.
a also in excess of its parent
The concentrations of 2 2 6 ~are

in most of the

samples examined (Figure 10.3~).

10.3.2 =OTh and U 2 ~correlations
h
The concentration of 230Thand 232Thin the soil/colluvium samples from the two
source areas are plotted in Figure 10.4. As discussed in chapter 4 the data from the basaltic
soil samples from Western Ridge are all consistent with a single regression line (8=0.99)
passing through the origin (230Th=(1.25+ 0.03) 232~h).
The data from the other two sources
(Terrace Creek and the Jenolan Bindo Divide catchments) are also consistent with a single
regression line passing through the origin. This line is distinct from the regression line fitted
2 ~ h (0.78
through the Western Ridge data, and has a much lower 2 3 0 ~ h / 2 3 ratio

+ 0.04).

However the data show much more spread about the line than was evident in the Western
Ridge samples. Given the complexity and mixture of lithologies present in these source areas
this is not surprising.
Evidence presented in chapter 5 indicates that sedirnents derived from these soils will
also have the same distinctive ratios. Therefore, it should be possible to use the 230ThlU2Th
ratio to distinguish sedirnents derived from these respective areas.
The data from the cores from two sediment sinks, Sand Passage and Lower Creek
Cave, are plotted in Figure 10.5. The regression lines from the two main source areas are
also shown. The data plot as a poorly defined group between the two source area regression
lines close to the Terrace CreeWJenolan Bindo Divide line. This indicates that the sediments
are a complex mixture of material from both source areas, but on average contain more
material from the Terrace CreeWJenolan Bindo Divide catchments.
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Figure 10.5: The concentration of " O T ~ and 232Thin the samples from the Lower Creek
and Sand Passage sediment cores. Error bars represent uncertainties
equivalent to one standard error, in many cases these are smaller than the
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10.3.3 The relative contribution of the two sediment sources
The fractional contribution of sediments derived from the Western Ridge and
Terrace CreeWJenolan Bindo Divide catchments to each of the sedimentary layers analysed
from the Sand Passage and Lower Creek Cores (Figure 10.2) has been calculated using a two
component mixing model,

(1)

AX+BY=C

where X and Y are the relative contributions from the two sources (Western Ridge
and Terrace CreeWJenolan Bindo Divide), so that X

+ Y=l, and A, B and C are the

2 3 0 w 3 2 ~

ratios of the two inputs and the output mix respectively. The model assumes a

small angular separation between the two regression lines relating the two nuclides; this is
satisfied by these data, and is described in more detail in Murray et al. [1993].
The calculated contributions to the sediments in Sand-passage and Lower Creek cores
are plotted against depth in Figures 10.6 a and b respectively. The data indicate that the
sediments in Sand-passage are dominated by material from Ten-ace Creek and JenolanlBindo
Divide (mean 78%) with only the lower two samples showing any major input from Western
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Figure 10.6: The calculated fractional contributions from the Western Ridge catchment
to sediments from the a) Sand Passage Core and b) Lower Creek core.
Error bars represent uncertainties equivalent to one standard error.
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Ridge (-50%). The calculated contribution of the Western Ridge source area to that of the
sediment present in Lower Creek core again indicates that the Terrace CreeWJenolan Bindo
Divide dominate the sediments in this core (mean -68%). There is a systematic trend in the
data with depth suggesting an increase in the contribution from Western Ridge with time.

10.3.4 History of sedimentation in the Jenolan Caves
The sedimentary correlations between the two core established by Murray et al.,
[l9931 are still valid as are their proposed chronologies (see Figure 10.2). However, the
relative spatial sediment source contributions presented in that study are probably incorrect,
because of the presence of a 2 2 8 ~excess
a
on the source samples.
The 230~h/232Th
ratios indicate that most of the sediments in the earliest depositional
(Lower Creek Bed Sample) phase were derived from the Terrace CreekIJenolan Bindo
Divide catchments. There was then a progressive increase in sediments derived from the
Western Ridge catchments up to a maximum of -50%.

This is evident in both sediment

cores. In the early 1950's there was a marked decrease in the fraction of sediment derived
from Western Ridge (to ~ 2 5 %of the total). The core sediments from this point until the
present are dominated by material from Terrace CreeMJenolan Bindo Divide area. .
The differences between these results and those of Murray et al., [l9931 are; (i) only
three major phases of deposition can be distinguished, not four, (ii) Western Ridge has never
supplied more than 50% (not 77%) of the sediment present in any of the layers evident in the
cores, and (iii) since the 1950s the Terrace CreeMJenolan Bindo Divide catchments have
supplied 78% of the sediment present in the cores (not 50%).

However, these differences

probably do not invalidate the major conclusions of the Murray et al., [l9931 study, which
were that (i) forestry practices in the 1950's had increased the supply of sediment from the
Terrace CreekIJenolan Bindo Divide catchments, and (ii) a higher yield from these areas has
continued to the present day, perhaps due to the presence of forestry roads in the catchments.
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10.3.5 Sediment transport rates
Concentrations of 2 2 6 ~and
a 2 2 8 ~are
a in excess of their respective parents in the
samples collected from the two source areas (in situ soils 2 2 8 ~ a / 2 3=2 1.19
~ h + 0.4, 2 2 6 ~ a ~ 2 3 0 ~ h
= 1.22

0.05) . As in previous chapters the presence of this radium excess can be used to

a
over " O T ~ is still
estimate sediment transport rates in the catchment. While the 2 2 6 ~excess
present in the recently deposited samples from the cores (13km downstream), the
a in equilibrium with 232Th(mean ratio of 1.04 + 0.03). The upper
concentrations of 2 2 8 ~are
sediments in the Sand Passage core and the two grab samples from Lower Creek also contain
137

CS, and must therefore have entered the cave system in the last 30 years. The absence of a

2 2 8 ~excess
a
shows that they must have been in transport for more than 9 (given an initial
excess of 19 + 4%; an average activity of 40 ~ q ~ g and
" ; a detection limit of 5%). The
combined 13'Cs and 2 2 8 ~excess
a
data indicates that the sediment in the caves took between 9
and 30 years from the time of detachment from the soil, to be deposited in the cave.

10.4 Summary
Evidence presented in this chapter demonstrated that the 2 3 0 ~ h / 2 3 2ratio
~ h can, as
proposed in the model given in section 8.5, be successfully applied to sediment sourcing
problems in catchments which have distinctive lithologies and it is concluded that:
2 ~ h was able to distinguish sediment source areas which had distinct
1. The 2 3 0 ~ h / Z 3ratio
lithologies.

2. The assumption by Murray et al., [l9931 of secular equilibrium in the 2 3 2 ~decay
h
series was not valid for samples collected from the sediment source areas in this
catchment. Nevertheless the major conclusions of the Murray et al., [l9931 study
were supported by the 2 3 0 ~ h / 2 3data.
2~h
a
in the most recently deposited
3. The presence of 137Csand the absence of a 2 2 8 ~excess
cave sediments indicates that these sediments took between 9 and 30 years from the
time of detachment from the soil profile to reach the point of deposition.
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Chapter 11: Sediment Residence Times in the
Murrumbidgee Arm of Burrinjuck
Reservoir
Sediment fluxes in river catchments have proved difficult to measure or model at
time-scales relevant to land and water resource management decisions.

Determining

transport rates and residence times is complicated by the intermittent movement and
temporary storage of sediments in natural streams [Gomez, 1991; Mosley, 1981;Roberts and
Church, 19861. This chapter presents a new tool for estimating the storage and transport

times of river-borne sediments, based on the observed disequilibrium of the naturally
a 2 3 2 ~inh the thorium decay series, as outlined in the model
occumng radionuclides 2 2 8 ~and
a years) enables this model to be applied to
(section 8.5). The short half-life of 2 2 8 ~(5.75
fluvial sediment transfers and alluvial storages over the past 30 years. When combined with
indicators of sediment source, such as 2 2 6 ~ a / 2 3and
2 ~ h230Th/2321h
ratios, observation of this
excess should provide a useful new tool for examining the transport rates and residence times
of bedload and suspended load sediments in streams and lakes.

In this chapter radionuclide data from a sequence of samples collected from along the
Murrumbidgee arm of Buninjuck reservoir are examined and compared to data from a core
collected from the end of this reach. Equilibrium conditions are examined and an attempt is
made to determine the sediment residence times in the reach.

11.1 Site Description and Sampling Locations
Bumnjuck reservoir is a major irrigation water storage on the Murmmbidgee River,
holding a maximum of 1.026 X lo9m3 of water. It receives water from three major rivers, the
Yass, the Murrumbidgee, and the Goodradigbee Rivers, and has a total catchment area of
13000km2. The catchment receives between 500mm and l OOOmm average rainfall per

annum. The Murmmbidgee River drains an area of 8000km2. Water and sediment from the
catchment enter the main dam from the river via a long section of submerged river reach
(Fig. 11.1) . Sediments deposited in this arm 13km below the point at which the river
normally enters the ponded waters were sampled in 1983 when exposed during very dry
conditions by Dr. R. J. Wasson (CSIRO). Sediment columns were collected from the walls
of pits and then sub-sampled in the laboratory. The sampling location is shown in Figure
11.1. The stratigraphy in the sediment column is well defined and there is no evidence of iron
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Figure 11.1: A map showing the location of the sampling points along the Murmmbidgee
Arm of Burrinjuck Dam.

mottling, consequently it is considered that no significant redistribution of iron and
manganese has occurred since deposition. The samples from the sediment column were all
analysed using gamma spectrometry by Murray et al., [l9911 and by alpha spectrometry in
this current study.

A sequence of 6 samples was collected from the 13 km reach of the Murmmbidgee

arm of the reservoir above the point from which the sediment column was collected.
Sampling locations are also shown in Figure 11.1. These samples were collected from a boat
using an Eckrnan grab sampler which collected the upper -3 cm of sediment. The sampling
sequence began directly over the core sampling site and continued upstream to the point at
which the river enters the still water of the reservoir. These samples were also analysed by
gamma and alpha spectrometry. AU of the samples consisted predominantly of fine clay and
silt.

11.2 Results and Discussion
The gamma and alpha spectrometry analyses for the samples from the sediment
column and those collected from the reach are presented in Appendix I.

11.2.1 Equilibrium conditions
The relevant parentldaughter concentration are plotted in Figure 11.2. In each plot
the solid line represents equilibrium condition, the open circles are the core data and the
closed circles the reach sediment data. The 2

series nuclide data from the reach sediment

3 8 ~
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238U,Bq kg-'

238U,Bq kg-'

Figure 11.2: (a to e) Relevant pareddaughter equilibrium plots for reach samples (closed

circles) and sediment column samples (open circles) collected from the
Murrumbidgee Arm of Burrinjuck Dam. In each figure the solid line
represents secular equilibrium.

The error bars represent analytical

uncertainties equivalent to one standard error on the mean.

Page 179

Residence times

samples generally lie within the concentration ranges of the sediment column data (Figure
11.2 a, b and c). Concentrations of

are generally in excess of both 230Thand 2 2 6 ~ a

2 3 8 ~

concentrations (Figure 11.2 a and b). Concentrations of 2 2 6 ~are
a also generally in excess of
230

Th concentrations (Figure 11 . 2 ~ ) .
The concentration of 2 3 2 ~ h2 ,2 8 ~and
a 228Thare in equilibrium in samples from the

a in excess
sediment column (Figure 11.2 d and e). In contrast, the concentrations of 2 2 8 ~are
of 232Thconcentrations in the reach sediment samples by up to 35 2 8%. The concentrations
of 228Thand 2 2 8 ~ina these samples are however in equilibrium. This indicates that the 2 2 8 ~ a
excess is old compared to the half-life of 228Th.Consequently the 2 2 8 ~excess
a
is unlikely to
have resulted from 2 2 8 ~sorption
a
from the water column. The presence of this excess
implies that these sediments were eroded recently and has implications for the dating of
sediment movement. This is examined further below.

11.2.2 2 3 0 ~and
h U 2 ~correlations
h
In chapter seven it was shown that 230~h/232Th
ratios on sediment5 could be altered as

a result of the redistribution and accumulation of Fe-Mn.

There is no evidence of

redistribution of Fe-Mn in the Murmmbidgee sediment column. It is therefore considered
unlikely that the thorium isotope concentrations in the sediments have changed since the time
of deposition.

Figure 11.3: The 230Thand 232Thconcentrations in the reach (closed circles) and sediment
column samples (open circles) collected from the Murrumbidgee Arm of
Burrinjuck Dam. The mean 230~h1232Th
ratio of the reach samples and
uncertainties corresponding to one standard error are shown as solid and
dashed lines respectively. The error bars represent analytical uncertainties
equivalent to one standard error on the mean.
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11.4: The 230Th/232Thratio of the sediment column samples from the
Murmmbidgee Arm of Burrinjuck Dam against depth.
The mean
2 3 0 ~ h / 2 3ratio
2 ~ h of the reach samples and uncertainties corresponding to one
standard error are shown as solid and dashed lines respectively. The error
bars represent analytical uncertainties equivalent to one standard error on
the mean.
"OT~

concentrations in the reach and sediment column samples have been

plotted against 232Thconcentrations in Figure 11-3.All the reach sample data (closed circles)
are consistent with a single regression line (solid line) passing through the origin (230Th=
0.67 232Th). From previous work (chapters 4, 5 and 10) this suggests these sediments are
derived from a uniform lithology, or a uniform mix of lithologies. Most of the sediment
column data is also consistent with this regression line, falling within the 95% confidence
limits (dotted lines) of the regression. However, a number of points do fall well outside this
regression.
This is shown more clearly in Figure 11.4 in which the 230~h/232Th
ratio of the
sediment column samples are plotted against depth.

The mean 230Th/232Thratio and

uncertainties corresponding to one standard error for the reach samples are shown as solid
and dashed lines respectively. Most of the sediment column data have 230Th/232Thratios
consistent with the reach samples, however five samples lie outside two standard errors of the
mean value of the reach samples.

As there is no evidence of iron and manganese

redistribution in the sediment column and given the low probability of differential
mobilisation of the thorium isotopes, it is considered that these differences result from the
sediment having been deposited with a different 230~h/232Th
ratio. Consequently these four
samples are considered to have been derived from a source or sources with a lower
230Th/Z32Th
ratio than the sediment sampled in the reach.
Page 181

Residence times
The "OTh and 232Thconcentrations in the samples from the sediment column are
consistent with the sediment having been derived from at least two sources with distinctive
230

Tn/232Thratios, one which supplied sediment similar to that currently present in the reach,

with a 230Th/232Th
ratio of -0.67.
230Th/232T?1
ratio

The other source presumably supplied sediment with a

0.52.

11.2.3 Sediment residence times
It was shown in the discussion on equilibrium conditions that 2 2 8 ~was
a in excess of
232Th concentrations in the samples collected from the reach.

This excess varies

systematically along the reach (Figure 11.5d) being highest at the point the river enters the
= 1.35 & 0.08) and decreasing down the reach (to
ponded water of the reservoir (228~a/232Th

1.10 at the point the sediment core was taken). This systematic decrease in excess with
distance downstream can be interpreted in terms of sediment residence time (Section 8.5) if
(i) the sediments have been derived from a common source or mix of sources and had the
a
at the point of entry to the reservoir, (ii) no fluvial separation of the
same initial 2 2 8 ~excess
material containing the excess has occurred in the reach, and (iii) the system has remained
geochemically closed.
The first of these criteria cannot be explicitly tested. However, the uniformity of the
230Th/232Th
ratio in the reach sedirnents (Figure 11.5a) does suggest that they have been
derived from a common source or mix of sources. The second criterion can be indirectly
tested by studying the 226~a/232Th
ratio. In chapter 5 it was shown that fluvial sorting of
material which had a 2 2 6 ~excess
a
can produce fractions which have variable 226~a/232Th
ratios. Concentrations of 2 2 6 ~are
a in excess of "OTh concentrations in the reach samples, and
if fluvial separation, had occurred in the reach a change in the 2 2 6 ~ d 3 2 Tratio
h down the
reach might be expected.
The 226~a/232Th
ratio in the reach samples (Figure 11.5b), because of the large
uncertainties, can be interpreted in two ways: firstly, that the data are consistent with a
ratio of -0.75, this would suggest that no fluvial separation has occurred;
uniform 226~a/232Th
ratio is initially high and drops to a
or secondly, it could be argued that the 226~a/232Th
constant value at the second sampling point (down the reach), this would suggest that fluvial
separation has occurred at the top of the reach.
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Figure 11.5: Radionuclide ratios for fine-grained samples from Murmmbidgee River arm
of Burrinjuck Reservoir, Australia (a) Activity ratio of 230Th to 232Th
suggesting a constant sediment source to the reach of the river; (b) 2 2 6 ~toa
232
Th ratio indicating the degree of fluvial sorting (c) activity ratio of 2 2 8 ~ h
to 2 2 8 ~demonstrating
a
secular equilibrium and showing that the 2 2 8 ~ a
activity has been associated with the particles for a period which is long
h
(d) Activity ratio of 2 2 8 ~toa 232Th
compared to the half-life of 2 2 8 ~(1.9~);
showing that the average time since the sediment entered the reservoir
increases with distance down-reach. Given the approximately constant
sampling depth it is presumed that this pattern arises from decreasing
sediment deposition rates along the reach. The right-hand axis shows the
mean residence time calculated relative to that of the 0 km sample (assuming
h
of 80 Bq kg-').
no fluvial separation, and a uniform 2 3 2 ~activity
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The assumption that the system is geochemically closed, at least on a time scale of a
few years, is supported by the fact that for all the samples the concentration of 2 2 8 ~isa in
equilibrium with its daughter 2 2 8 ~(Figure
h
1 1 . 5 ~ )suggesting that the 2 2 8 ~isa unlikely to
have been recently sorbed. Therefore, if it is assumed that no fluvial separation of material
has occurred, then the changes in the 2 2 8 ~excess
a
down the reach can be interpreted in terms
of the mean residence times of the sediments. Using this assumption the right-hand axis has
been converted to time since deposition relative to the sample at the top of the reach (Figure
11.5 d). The sediments sampled at the lower end of the reach above the core site can be seen
to have an apparent age of -10 years older than the material at the point the river enters the
ponded water of the reach. However, if fluvial separation has been an important process in
the reach then the presence of the 2 2 8 ~excess
a
simply indicates that the sediments are young,
and no interpretation (in terms of residence times) of the variation along the reach is possible.

11.3 Summary
1. The 2 3 0 ~ h / 2 3ratio
2 ~ h in the sediment core varied with depth and indicated that the
sediments were derived from a number of sources.
2. The reach samples were shown to have a uniform 230~h/232Th
ratio, suggesting that
a in excess
they were derived from a common source. The concentrations of 2 2 8 ~were
of 232Thin the samples and this excess probably decreased systematically down the
a 228Thwere in equilibrium. This suggests that
reach. The concentrations of 2 2 8 ~and
the system has been chemically closed at least over the last few years. Thus, the
a
along the reach can be interpreted in terms of difference in
decrease in 2 2 8 ~excess
sediment residence time, if it was assumed that no fluvial separation of the material
containing the excess has occurred. On the other hand if fluvial separation is
considered significant it is concluded that the sediments are young compared with the
radium-228 half-life, but no detailed interpretation in terms of residence time is
possible.
The data presented in this chapter clearly demonstrate the potential of applying 2 2 8 ~ a
excess to determining sediment residence time.
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Chapter 12 :Concluding Remarks
-

P

-

The aim of this thesis was to develop an understanding of the behaviour and the causes
of variability in 2

and 2 3 2 ~decay
h series nuclides in modem sediments in order to provide a

3 8 ~

framework from which variations in the nuclide concentration and ratios in sediment could be
used to trace sediment movement.
Decay series nuclide concentrations and ratios have been examined in rocks, soils and
sediments (Chapters 4 to 7). The observed behaviour and distribution of the radionuclides in
each of these compartments of the erosion cycle were summarised and used to develop a
model for the application of 238Uand 2 3 2 ~nuclides
h
to sediment tracing problems in Chapter 8.
Elements of this model were successfblly applied to three distinct sites in Chapters 9 to 11.
The major findings of this study in relation to the spatial sourcing of sediment are :
1. The 2 3 0 ~ h f 3ratio
2 ~ his in general not affected by the transition from rock to soil, or by

ratios in sediments are likely
that from soil to sediment. Consequently the 230ThlU2~h
to be largely dependent on the = O T ~ / U ~ T ~ratio of the rocks from which they are
ultimately derived. This means that the 2 3 0 ~ h / Uratios
2 ~ h can be used to distinguish
sediments derived from lithologies which have different 2 3 0 ~ h / Uratios
2 ~ h (as was
demonstrated in Chapter 10). It is noted however that in circumstances where
sediments are subsequently exposed to groundwaters in which the 230~h/U2Th
differs
significantly from that of the sediment, the ratio of the sediment may be altered due to
overprinting (see Chapter 7). Nevertheless this ratio was shown to provide a useh1
'fingerprint' on sediments in catchments which contained a number of rock types of
distinctive 2 3 0 ~ h f 3ratios
2 ~ h (Chapter 10). It is, however, unlikely to be usefkl in small
catchments which have uniform lithologies.
2. In contrast to the uniformity of the 230Thf32Th
ratio during rock to soil to sediment

transformations, the 226~af32Th
ratio was found to be more variable. This variability
a
over 2 3 0 ~inhmany of the soils. While
was largely due to the presence of 2 2 6 ~excess
226

Ra to 232Thcorrelations have been previously applied in sediment tracing studies

[OZley et al. 1993;Murray et al. 19931, work presented in this thesis has demonstrated
that this ratio may alter as a fbnction of fluvial processes and will only provide a usefbl
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fingerprint on sediments under particular conditions. These are (1) if the 2 2 6 ~ a
concentrations are in equilibrium with 2 3 0 ~concentrations
h
such that 2 2 6 ~ a / Uratio
2~h
equals the "OT~/L)'T~
ratio, or ( 2 ) in circumstances when the processes of fluvial
a 2 3 2 ~are
h bound
sorting and grain abrasion are not important, or (3) when the 2 2 6 ~and
to similar sites (eg. on grain surfaces). It was shown in Chapter 9 that in
circumstances where this latter criterion is fulfilled, the 2 2 6 ~ a / Z 3ratios
2 ~ h can provide
sediment source information in catchments which had a uniform lithology and
ratio. It is therefore considered likely that the
consequently a uniform 230~h12)2~h
~ h may in some circumstances provide a useful tracer
heterogeneity of 2 2 6 ~ @ 2ratio
'signal' in small catchments which have a uniform lithology.
3. While not conclusively demonstrated (Chapters 9, 10 & 11) it is likely that the

observation of systematic changes in the " ' ~ a excess in sediments will prove useful in
examining sediment transport rates and residence times.

The results presented in this thesis have provided an understanding of the mechanisms
which cause variability in 238Uand 232Thdecay series nuclides in modem sediments and
demonstrate the applicability of nuclide ratios to providing information on the spatial
distribution of sediment sources. Radionuclide tracing techniques offer a significant addition
to the methods available for investigating sediment movement in the landscape. Such
methods help to provide a better understanding of the sources of sediment, and facilitate more
informed decisions concerning catchment management and the allocation of soil conservation
resources.

12.1 Directions for Further Research
1. This study has developed a framework for applying decay series nuclide correlations

and concentrations to sediment sourcing problems. The study has focused on particle
size fractions generally >3 8 pm in diameter. Many Australian rivers carry significant
loads of particles <38 pm in diameter. The few data presented from the <38 pm
fractions in soils do suggest that the framework developed in this study still applies in
these very fine fractions, however this does need to be explicitly tested.
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2. The observation of a 228Ra
excess in soils and sediments in this study were in general

serendipitous and the sampling strategies employed, with the exception of Chapter 11,
were not specifically designed for the purpose of studying sediment transport rates or
residence times. More specifically designed studies are required to demonstrate how
useful observations of this excess will be to tackling problems of sediment transport
rates and residence times.
3. The observation of a uniform ' ' O ~ h / 2 ) ~ ~ratio
h in the soils and parent rock implies

parallel behaviour of uranium and thorium during the weathering (rock to soil). This is
perhaps surprising given the differences in the element chemistry. Analysis of many
more soil and parent rock pairs would be useful in determining how widespread this
phenomenon is.
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Appendix A
Conversion Factors
1 ppm U = 12.450 Bq kg-' ,=*U

1 ppm Th = 4.105 Bq kg-', * 2 ~ h

Appendix B
Site and Sampling Descriptions
The sampling strategies used at each of the sites discussed in Chapters 4 and 5 are
described in the following sections. The general location of each of the sites was given in
Figure 4.1.

Site A : Geebung Creek 37'1 8' S and 149'40' E
The Geebung Creek catchment is a 76 ha forested catchment located within the
Yambulla State forest NSW. It overlies the Yambulla Granite (a coarse grained adamellite).
The soils consist dominantly of coarse textured profiles (sand loams and loamy sands) that are
massive, have shallow A horizons and grade sharply into decomposing rock at depths of
40-100 cm. Soils in the upper catchment were sampled by digging four soil pits (down to
bedrock) along an 150m transect (Figure Al). The pits were evenly spaced along the transect
which ran downslope from the top of the hill to the saturated zone. Samples were collected
fiom each of the soil horizons exposed, a total of 11 samples (A1 to A12) were collected
(Figure Al). Soils in the lower catchment were sampled fiom along stream-banks (Figure
Al). Five samples (A13 to A17) were collected along a 200m reach of stream. Sample A18
was collected fiom the upper catchment. The soil mineralogy is dominated by quartz and
feldspar with many of these grains >%pm in diameter. Iron oxide coatings were present on
grains from all the samples and discrete iron oxide grains were present in the samples collected
fiom the lower catchment. No rock sample was collected from this site as the granite had
been previously analysed by XRF (Dr. B.W. Chappellpers comm.) and the U and Th data
from this analysis were used to characterise the bedrock.
Three 20 litre groundwater samples were collected from the downslope transect from
two lower pits (AW l and AW2) and from the spring zone directly below the transect (AW3).
An additional 20 litre sample was collected from the stream directly above the weir (AW4).
The pits were each bailed clear of water then allowed to refill. Water samples were then
collected in 20 litre plastic buckets and the pH and EC were measured at the time of sampling.
The pH and EC were measured again on return to the laboratory and the samples immediately
filtered through 0.45pm millipore filter, and the filtrate was acidified with 2rnl of concentrated
HCl.
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Figure A l : (Top) map of the Geebung Creek Catchment showing sampling locations.
(Bottom) details of the soil pits and transect samples.

Sites B and C : McKeowns Valley 33'47' S and 150'02' E

The McKeowns Valley catchment is the main catchment area for the Jenolan Caves,
NSW and is dominated by two major rock groups (see Figure 10.l); the first is a sequence of
interlain sandstones and volcanoclastic sediments which cover about 314 of the catchment
(Site C); the second is a basalt which occurs along the Western edge of the catchment and
covers -114 of the total catchment (Site B). Samples were collected from a large number of
points within each rock type and combined to provide 13 samples fiom the basalt (B1 to B 13)
and 13 samples from the sediments (C 1 to C 13). Rock samples were collected along with the
soil samples from each rock type. Weathered and secondary material was excluded. These
rock samples were combined to provide one analysis from each rock group.
Site D : Whiteheads Creek 35'40' S and 149'36' E

Eight samples (D1 to D8) were collected from a duplex soil exposed in a gully wall at
Whiteheads Creek (see Figure 7.1 for details). One from each of the A1 and A2 horizons, the
rest from the B horizon down to bedrock (Figure A4 insert). The A1 horizon consists of fine
sandy loam (quartz and feldspar). The A2 horizon is coarser grained, fine loamy sand (quartz
and feldspar) with iron staining present. The transition to the B horizon (quartz, feldspar, clay
and iron oxide) is marked by a sharp decrease in particle size. Bleaching and mottling increase
down the profile and iron nodules are present in the lower profile. This soil is considered to
have formed from sediments derived from the surrounding granite and deposited in the valley.
An additional 2 kg sample D9 was collected from an adjacent site. This sample represents a

uniform cut of material fiom the top to the base off the profile. Three samples of the coarse
grained granite were collected to characterise the parent material.

Site E : Yarramundi Reach 35'17' S and 149'04' E

This site is located on the northern shore of Lake Burley Griffin (ACT) and slopes
towards the lake. The bedrock is dacitic tuff with minor agglomerate and volcanoclastic
sediments. The soils are yellow texture contrast soils with shallow A horizons. Fifty samples
(El to E5O) were collected in a regular grid pattern from a lOOm X lOOm plot on the slope.
Rock samples were collected from 5 points within the lOOm X lOOm plot, these were then
combined to provide a single rock sample. The soil samples were dominated by quartz and
feldspar with only minor clay present.

Site F : Black Mountain 35'1 6' S and 149'06' E
The site bedrock is fine grained quartz sandstone; the soil has been formed on sand
colluvium [Henderson and Strusz, 19711. It is a yellow texture contrast soil with a shallow a
horizon (5cm) of fine grey loam overlying a yellow silty clay loam (B horizon). Seven soil
samples (F1 to F7) were collected from a 20cm X 20cm pit sampled to a depth of 25cm. A
rock sample was collected fiom the base of the pit. The rock sample was fine grained red
sandstone. The soil samples consisted predominantly of quartz with minor clay. Iron oxide
coatings were evident on the coarser particles.
Twenty samples were collected (20 X 20 X lcm deep) from within a 12m X 12m area at
this site and combined to provide a representative sample of the surface soil (F8).

Sites G and H : Killimacat Creek 35'1 5' S and 148'1 5' E
Two soil samples were collected from the Killimacat Creek catchment. One fiom a
fine grained sandstone bedrock, the other from rhyolitic bedrock. Each sample consisted of
-1kg of material collected from soil pits dug to bedrock. Rock samples were collected from
each sampling site. The soil developed on the sediment consisted dominantly of quartz, minor
feldspar and secondary iron oxides and clay.

Site I : Chaffey Dam 3 1'07' S and 150'57' E
Four soil samples were collected from a soil formed on upland basalt in the Chaffey
Dam catchment. These samples were combined to provide a single sample of this basaltic soil.
Three fresh rock samples were collected from the same location. These were combined to
provide a single sample of the basalt rock.

Appendix C
Rock and Bulk Soil Sample Radionuclide Analyses. All data reported as Bqlkg.
Uncertainiesare equilvalent to one standard error on the mean.
e C1: Rock S

W

Sample Code

Site

Rock Type

A
B

Geebung Creek
McKeowns Valley
McKeowns Valley
Whiteheads Creek
Yarramundi Reach
Black Mountain
Killimacat Creek
Killimacat Creek
Chaffee Dam

Granite
Basalt
Mixed Sediments
Granite
Dacite
Sandstone
Sandstone
Rhyolite
Basalt

C
D

E
F
G
H
I

Soil Samples
Gwbung Creek Granite
Th-232
Ra-228
92.0 k 4.0
91.3 k 1 .l
50.0 k 3.0
50.5 ~t 1.6

47.1 k
49.0
40.2 k
47.1 k
41.0 k
55.0 k
48.0
51.0 k
53.0 k
86 k
60 k
91 k
23
83 k
17.4k
31.5 k

1.5
3.0
1.9
2.0
1.9
2.0
3.0
2.0
3.0
2
3
2
2
2
1.2
0.9

46.8 k 1.4
44.9 k 0.9
41.6 k 0.9
45.4 k 1.4
42.5 k 0.7
59.4 k l .l
56.4 k 1.3
45.8
1.1
56.0 k 1.3
87.1 k 0.9
74.4rt 1.6
90.9 k 1.7
23.1 k 0.7
83.6
1
19.420.5
31.9 k 0.9

McKeown Valley Basall

44.6 k
42.8 k
38.9 k
41 k
21.6 k
22.6 k
20.5 k
42.8 k
42.3 k
42.8 k
44.9 k
43
47

2.7
2.5
1.7
1.9
1.1
0.9
1.3
1.5
1.6
1.6
1.5
2
2

48.2 k
58.9 k
44.8
56.9
21.6 k
22.3 k
21.5 k
45.4 k
44.6 k
45.2 k
43.2 2
45.1 k
46.2 k

1.1
5.5
5.4
5.7
0.6
0.9
0.9
2.3
2.5
2.3
2.4
2.5
2.0

47.2 k
46.8 k
42.3 k
48
21.8
22.5 k
21.1 k
41.9 k
43.9 k
43.6 k
43.3 k
43.3 k
45.4 k

1
3.4
3.4
3.4
0.5
0.6
0.6
1.1
1.2
1.2
1.1
1.2
1.0

McKeomns Valley Mixed Wiments

29.9
41.7k
27.8 ~t
35.8 k
35.5 k
13.6 k
17.2 k
46k
56k

1.1
1.7
1.2
1.3
1.7
0.6
0.5
2
1.9
52 f 1.9
66 k 2
48.6 k 1.8
65 k 2

35.9 k 1 .l
4 0 . 7 ~1.9
33.2 k 2
39.3 1.8
42.6 k 1.4
16.4 k 0.5
23.1 k 0.6
41 k 1.5
55.3k 1.8
52.2 k 1
68.5 k 1.1
47.7 k 1.6
64.9 k 1.8

35.1 k
41.1k
32.4
39.3 k
42.1 k
16.1 k
21.6 k
43.2 k
54.8k
53.2 k
68.9 k
48.8 k
66.7 k

0.8
1.2
1.3
1 .l
1
0.4
0.5
1
1.1
0.7
0.8
0.8
0.9

C3. Soil

Samples !con4
U-238

D1
M
D3
D4
D5
D6

D7
D8
D9

492
51 k
54 k
54k
56 k
5 3
64 rt
75 *
60 k

7
6
4
4
8
7~
4
7
4

Th-230

47.1k1.9
48k 2
58k 2
53k 2
49.9 k 1.8
50k 2
61 k 3
54k 3
53.1 k 1.6

Whiteheads Creek Granite
Th-232

90 5 3
91k3
99 k 3
105k3
94 k 3
99k3
116 k 4
98k4
97 k 2

Ra-228

94.9
1.6
91.8k1.5
99.8
1
99.6k1.2
93.8 k 1.8
1OOk1.8
111 & 1.5
105~1.7
96.9
1.9

Yarramundi Reach Dacite

50.0 k 1.3
1.2
48.7
50.4 k 1.2
52.2k 1.1
48.0 * 0.8
45.1 k 0.8
47.9 11 0.9
47.1 k 1.1
47.3 k 0.9
44.7 k 0.9
47.6 k 0.9
50.2
0.8
52.2
1.2
49.3 f 1.1
51.3 k 1.0
47.5
0.8
43.0 k 1O
.
51.2 k 0.8
50.1 k 1.2
49.3 k 1.2
45.0 i 0.9
50.5 k 1.2
53.1 k 1.l
56.9
1.3
51.1
0.8
46.3 k 1.3
63.9 2 1.3
60.9 k 1.0
61.4
0.9
59.4 * 1.2
48.1 k 0.9
57.0
1.2
63.1 k 1.4
59.6 k 1.3
57.5 k 0.9
56.6 k 1.3
57.2
1.3
61.8 k 1.3
58.2 k 1.3
53.6
1.2
52.5 k 0.9
56.4 2 l .O
58.2 k 0.7
59.4 k 1.3
56.9 2 1.2
59.0 k 1.4
51.6 k 1.3
59.5 k 1.4
56.6 k 1.3
55.0 k 0.9

*

49.0 k 2.0

48.0 k 2.0
57.0 k 4.0
50.6 k 2.1
45.0 k 1.9

50.0 k 3.0
45.0 k 5.0
55.0
56.0
52.0
47.0
61.0

k 2.0
k 2.0

k 3.0
A 2.0
2.0

48.3 k 1.6

58.0 k 2.0
53.0 k 2.0

50.0 k 2.0

62.0 k 3.0
57.0 k 3.0
52.0 i 2.0
61.0 k 2.0

Black Mountain Sandstone

41k2
41 k 2
41 k 2
40k 2
41.1
1.8
40.5 k 1.7
40 k 2
43.1 k 1.8

41.4k1.5
40.4 k 0.6
41.7 k 0.5
41 L 0.7
42.8
0.8
41
0.8
40.3 k 0.7
42.1
1.5

*

Ra-226

49.3 k 0.4

H1

232 3

le C3-

A3
A4
A5
A6
A7
A8
A9
A1 0
A1 l
A1 2
A13
A1 4
A15
A16
A17

27.7 5
32
1.6
1.9 k
1.5 k
0.6
0.3
1.2 k
0.7 k
1.6 k
2.1 k
19.0
5.5 2
21.1 k
3.1 k
11.4 2
0.3

1.1
0.3
0.3
0.2
0.2
0.2
0.1
0.1
0.6
0.2
0.2
1.1
0.2
1.3
0.2
1.6
0.1

C8
C9
C10
C 11
C 12

9.3 i
11.1 k
12.2 k
7.5 5
14.1 k

0.5
0.4
0.5
0.3
0.6

D1
D2

18.5 k
19.7 k
23.9 k
22.5 k
22.1 ;t
45.0 k

1.0
1.0
1.0
1.0
1.6
1.4

A2

21.9 5 0.6

76k1.6

Killimacat Creek Rhyolite
24.2 2 1
26.1 k 1.2

*

*

Gbsbung Crsek Granite
Ra-226

18.4 f
7.2
5.7 k
5.7
4.9 k
5.6 k
5.5
4.7
4.5 k
55
4.9 k

0.7
0.3
0.4
0.3
0.3
0.5
0.8
0.3
0.4
0.8
0.8

Th-232

42.7 k
7.3 5
4.5
4.6 k
3.2 k
11.7 2
1.4
5.5 5
9.5
6.4k
8.1 k
34 2
11 k
37 rt
5.5 k
20
1.5 5

*

*

*

1.5
0.5
1.6
0.2
0.2
0.6
0.2
0.3
1.1
0.3
0.4
1.5
0.6
1.4
0.3
1.1
0.2

McKeowns Valley Mixed Sadiments

14.4 k
16 k
16.9
10.7
19.5

0.6
0.5
0.6
0.4
0.7

32.5 k
35.6 k
41.5 k
41.9 k
41.2 k
80.7

1.5
1 .l
1.6
1.6
2.7

*
*

Whiteheads Creek

D3
D4

D5

D6

3.0 k
0.5 ~t
52.0 k
23.0
1.7 2
14.6 k

0.3
0.1
3.0
2.0
0.2
0.5

Th-228

75.4k1.2 75.8k1.1

Soil
Th-230

A1

23k 1

Killimacat Creek Sandstone
Ra-228
Th-232

2.7

Sample A13

272 k 4
107 k 5
73* 3
48k 3
39k 5
26.9 f 1.8
31.3 k 1.2
42.9 ~t1.1

23.9 5 0.6

K40

CS-137

61559.3

0.49k0.3

392 2 10

0.4 k 0.4

Sample A18

208 ~t7
94f 4
24.4 f 0.9
20.3 f 1.3
14.9 k 0.4
1 1 f 0.5
12.6 k 0.4
Sample B8

Sample B9

Sample B10

Sample B1l

Sample B12

34.9 k
38.5 k
34f
4 0

1.4
1.3
2
3~

Sample B13

Sample C13

*4

79
52k
6 2
67k
50

2
2~
3
1.7

CQ;Snil P a r t U S h F r a c t b W c m U
Sample D1
(63

63-125
125-250
250600

52k 1 1
30 30
70 70
30k50

*

63k 3
46
2
22 2
12kl.8
12k 3

68 k 5
25 k 2
47k 3
83k6
75 k 4

74* 3
17.6 k 1.9
31 k 2
34.5k1.7
47 3

71.8 k 0.8
23.3 k 0.8
35.3 0.5
109k1.6
275.8 1.9

47k 3
14.6 k 13
15k3
9*3
4* 6

4 4 3~
17.2 0.9
15.5f1.1
10.1*1.5
8.5 k 1.5

41.9 0.5
15.8 k 0.3
13.9k0.6
11.8k0.6
8.1 k 0.7

Am

64.7k
32 2
30k
25
26 k

*

0.9
2
5
3
4

126 k
95k
43k
30k
32k

4
3
3
2
4

Sample W
<38um
250300um
500-1.4mm
l.4-2mm
>2mm

mum
63-125um
125-250~m
250500um
S00um

*

*

127 k
36k
56k
69k
84k

4
3
3
3
4

Sample F8

*

56*
24.6
18.8
16.2 A
10 k

*

3
1.1
1.2
1.7
1.7

Sample G1

Q
2-63
63-125
125-250
250600
0.5-1.4
v01
Q
63-125
125-250
250400
0.5-1.4

45 j= 5
43 6

*

61 k 14
47k14

53* 3
50 5 1.2
38.6
1.8
40k 2
47k 2
46.5k1.9

*

49.4 k 0.5
38.6
1.6

*
47 * 3
49 5 3

96k
77*
61 f
65k
6 6
70*

5
2
2
3
2~
3

Sample H1

23
20

3
4

23.7 rt 0.9
23.4 1
23* 1
21.2 ~t0.7
17.8 0.8

*

25
22.1
20.3

2

* 0.6
0.7

27.6 k
25.1 i
24i
23.05 ;t
19.4

*

0.8
1
l
0.8
0.7

Sample I1
Th-232

20*
22.6
18.3 k
15.2 i
20.1
2 4
28.9 k
22.8

*

*

Ra-226

CFC1
CFc2
CFC3
CFC4
CFCS
CFC7
CFC8
CFC9
CFC10
CFC11
CFC12
BED1

*

41
4
37* 2
38k 2
29 ~t 4
35* 3
32k 3
28 3
31 j, 5
33* 2
36* 4
28
1.8
13.6k0.5

*

Ra-228

72 2
5 4
49
38
43

Sediment Samples
Th-228

10
6~
6
9
8
6
47 k 7
44* 1 1
35 6
8
35k 5
15.1k1.1

*

2
1.2
1.1
0.8
1
2~
1.2
1.4

57*
53*
50i
r18k
395
4 7
45k
4 3
45k
42*
32.5
17.2

*
*

4

2
2
4
9
3~
3
4~
2
3
l .8
0.6

Appendix D
Bulk Soil Sample Chemical Analyses. All data reported as wt% oxide.
SAMPLE
A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A1l
A12
A13
A14
A15
A16
A17

CaO

0.05
0.07
0.03
0.02
0.02
0.10
0.02
0.02
0.08
0.04
0.02
0.07
0.08
0.06
0.05
0.23
0.06
0.54
0.35
0.35
0.39
0.52
0.50
0.38
0.26
0.28
0.21
0.20
0.12
0.25
0.29
0.27
0.28
0.37
0.30
0.46
1.21
0.30
0.20
0.30
0.60
0.30

Appendix D (cont.)
SAMPLE Na20

D1
D2
D3
D4
D5
D6
D7
D8

1 .l5
1.11
1 .l9
1 -20
1 .l5
1 .l5
1.11
1.04

CaO

0.33
0.28
0.25
0.30
0.26
0.22
0.18
0.20

Appendix

SAMPLE
E39
E40
E41
E42
E43
E44
E45
E46
E47
E48
E49
E50

D (cont.)
CaO
0.13
0.10
0.05
0.08
0.08
0.14
0.07
0.09
0.08
0.1 1
0.1 1
0.06

Appendix E
Table El: Snowy River-Wullwye Creek Sediment Sample Radionuclide Analyses. All data reported as Bmg.
Uncertainies are equilvalent to one standard wror on the mean.

U-238

17
4
13
8
14

SUWl
SUW2
SUW3
SUW4
SUW5

47
18
17
41
49

SDWl
SDW2
SDW3
SDW4
SDW5

30 k 6

k
k
A
k

10
7
10
9
5

9
k 13

A 5
k 4
k 5

41 k 6
54 k 5
30k7
14
15

K-40

Ra-228

Th-228

9.5 k 0.8
7.7k0.8
9.5 k 0.6
7.6k0.7
13.0 k 0.7

10.0 k 12
11.8k1.0
8.4k12
10.1k1.1
9.1 0.7

17.9 k 1.0
182k1.1
17.1k0.8
19.8k1.1
25.6 k 1.0

15.5 k 1.1
16.4~0.9
14.5k 1.1
16.4~
1.0
23.8 0.7

16.5 k 1.0
1 5 . 8 ~1.1
14.4k0.8
1 6 . 8 ~1.0
23.8 k 1.0

778 A 24
873 k 24
971 k 22

37.7 k
16.3 k
11.9 k
33.6 k
37.0 k

1.9
0.8
0.8
1.9
2.0

46.7 k
20.1 k
10.6 k
36.4 k
43.4 k

1.4
1.7
0.4
0.6
0.7

90.0k
35.3 k
19.6 k
71.0 k
77.0 k

4.0
1.4
1.0
3.0
4.0

95.4 k
382
17.8 k
742 A
83.0 k

1.6
1.5
0.4
0.8
0.8

92.0 i
35.0 k
20.0 k
71.0 k
81.0

4.0
1.4
1.1
3.0
4.0

779 k
916 k
678 A
934 k
782 k

26
29
12
15
13

322 k 22
31.4 k 1.8
47.0 k 3.0
2 4 . 6 ~1.2
16.8 k 1.1

31.0 k
31.5 k
57.3 k
2 4 2
20.6 k

0.8
1.0
0.7
~
1.1
1.9

55.7 k
45.0 k
86.0 k
37.6k
39.8 k

3.0
2.7
4.0
1.5
1.8

59.5 2
51.9 k
97.9 rt:
40.4k
39.3 k

0.9
1.0
0.9
1.1
1.8

55.0 k 3.0
51.3 A 2.7
96.0 k 5.0
4 1 . 0 ~1.6
38.0 k 1.8

847 2
775 k
738 2
747 A
788 A

17
21
13
25
31

Th-230

SAMPLE
WUS1
WUS2
WUS3
WUS
WUS5

Ra-226

Th-232

786

23

849 k 26

Table E2: Snowy River-Wullwye Creek Sediment Sample Chemical Data.
All Data Reported as Wt% Oxide

SAMPLE
WUSl
WUS2
WUS3
WUS4
WUS5
SUWl
suw2
SUW3
SUW4
SUWS

MgO %
0.26
0.22
0.23
0.21
0.27

Table E3: Catchment Granite U and Th data (Dr B.W.Chappell unpublished data)
All Data Reported Bq kg-l
Wullwye Creek Catchment

Snowy River Catchment
'upstreamof'wullwye Creek
U-238
Th-232
32
62
49
67
54
55
27
66
27
64
44
62
44
81
47
72
47
78
47
48
57
81
44
81
35
77
35
73
37
75
40
78
42
67
49
80
42
77
40
75
40
78
40
77
37
81
47
76
40
86
25
83
44
73
67
68
27
81
30
94
54
76
49
66
44
71
27
68

Appendix F
Table F1: Whiteheads Creek Deposited Sediment Particle Size Data.
All Results as Fractions of the Total.

Table F2: Whiteheads Creek Deposited Sediment Chemical Data.
All results as wt% oxide.
CaO
MgO
Na20 K20
Si02
A1203
Fe203
7.10
S1 87.31
1.36
0.39
0.09
1.44 2.29
S2 88.34
6.80
1 .l2
0.21
0.08
1.35 2.09
S3 87.05
7.47
1.39
0.23
0.08
1.52 2.24

S4 88.64
S5 87.77
S6 90.01
S7 90.56
S8 88.86
S9 88.89
S10 87.43
S11 89.25
S12 88.33
S13 88.32
S14 87.63
S15 88.40
S16 83.90
S17 87.03
S18 87.45
S19 87.67

6.57
6.76
5.80
4.81
5.80
5.91
6.95
6.54
6.39
6.42
6.95
5.68
6.89
6.21
6.34
7.06

1.37
1.50
1.61
1.70
2.16
1.72
1.94
1.61
1.61
1.59
1.75
2.51
5.79
3.52
2.93
1.96

0.21
0.37
0.20
0.16
0.14
0.18
0.33
0.22
0.39
0.35
0.35
0.26
0.22
0.22
0.26
0.2Q

0.08
0.11
0.07
0.06
0.07
0.05
0.11
0.09
0.10
0.09
0.11
0.08
0.11
0.09
0.10
0.08

1.26
1.40
0.49
1.01
1.12
1.24
1.31
0.51
1.32
1.32
1.35
1.16
1.07
1.12
1.15
1.23

1.86
2.08
1.81
1.70
1.83
2.00
1.92
1.76
1.85
1.89
1.85
1.84
1.76
1.75
1.73
1.75

Mn304 Fe% ex Mn% ex

0.018
Q.015
0.016
0.014
0.016
0.010
0.010
0.014
0.011
0.011
0.013
0.015
0.017
0.012
0.061
0.263
0.054
0.040
0.040

43
31
62
57
65
65
82
100
88
74
72
70
62
58
69
61
73
57
100

44
30
61
57
53
43
56
76
49
32
35
41
40
70
102
101
90
102
97

Table F3: Whiteheads Creek Deposited Sediment Sample Radionuclide Analyses. All data reported as Bqlkg.
Uncertainies are equilvalent to one standard error on the mean.

Table F4: Whiteheads Credc Citrate Dithionite extraction Radionuciide Analyses. All data reported as Bqkg.
Uncertainies are equilvalent to one starndard error on the mear3,

Appendix G
Geebung Creek Ssdiment Sample RadionuclideAnalysss. All data reported as Bqlkg.
Uncertainies are equilvalent to one standard error on the mean.

Date

Tmp

U-238

Th-230

Trap !Sediment Samples
Ra-226
Th-232

Ra-228

Sediment Grab Samples

13.0 k
12.5 k
13.8 k
10.6 k
19.4 k
14.8
13.6 k

0.7
0.7
0.7
0.6
1.1
0.7
0.4

19.1 k
13.7 k
17.3 k
15.3
32.5 k
16.4
14.3 k

0.4
0.4
0.3
0.5
0.5
0.2
0.3

24.0 k
21.6 k
25.0 k
16.6 k
33.5 k
24.0
21.1

1.0
1.0
1.1
0.8
1.4
0.9
0.4

25.8 k
21.9 k
26.3 &
16.8 k
34.5
25.2 k
22.2 k

0.9
0.9
0.8
1.4
0.9
0.5
0.7

Appendix G (cont.)
Fraction

U-238

Th-230

Wiment Particle Size Fractions
Th-232
Ra-228
SS2
268 k 25
156 k 12
24k 4
13.9 k 1.6
10.3 k 0.3
19 k 0.7
12.1 A 0.2
18.8 A 0.5
23 k 0.7
15.3 k 0.3

Ra-226

Appendix H
Jenolan Caves Radionuclide Data. All data reported as Bqlkg.
Uncertainties are equilivalent to one standard error on the mean.

Th-230

Ra-226
Th-232
Western Ridge

s.0~
rces
23.7 k
26.5 k
25.6 2
59.2
55.0
50.6
53.2

1.2
1.O
1.4

3.4
3.0
k 2.0
k 2.3
k

k

26.2 fl.4
26.9 M.5
25.1 k0.5

21.6 k1 .l
22.6 k0.9
20.5 +l .3

73.2
71.6
63.2
78.3

44.6
42.8
38.9
41.0

k1.1
k2.9
i2.8
k3.0

k2.7
k2.5
k1.7
k1.9

Terrace Creek

2 7 . 7 k 1.1
30.0 i 1.5
13.0 k 0.6
13.5 k 0.4

31.2fl.O
36.4 M.8
15.6 fl.3
19.6 k0.4

20.2
28.2k
25.4 &
26.1 k

0.8
1.3
1.1
1.1

25.7 H . 6
31.9i1.0
23.8 k1.0
34.3 N . 8

31.9 k
33.6i
36.8 i
32.3 i
42.5k
35.8 k
34.7 k
48.8
38.6 k
36.9 k
42.4k

1.3
1.4
1.8
1.l
2.7
1.2
1.3
1.4
1.6
1.7
1.7

37.0 N . 5
40.1N.6
42.9 4 . 7
41.3 N . 5
50.4i1.0
42.7 k0.6
46.5 k0.8
56.5 N . 9
43.5 N . 7
46.5 N.8
51.1k0.8

35.8
35.5
13.6
17.2

i1.3
i1.7
N.6
fl.5

JenoladBindo Divide

Sinks:
Depth
1
3.75
6.5
9.25
26
28.5
31.25
33.5
35.25
38.5
42.25

29.9
.l
41.7 k1 .7
27.8 k1 .2
39.2 k1.5

Sand Passage

39.3
35.9
40.0
37.2
48.0
42.2
41.8
52.8
42.5
34.3
42.7

+l -5
&l-5
k2.0
k1 .2
k3.0
&l.4
*l .S
k1 .5

&l.7
.6
k1 -8

Lower Creek

51.9
52.9
51.6
49.1
54.9
57.1
45.3
34.6

N.9
N.9
i0.7
k0.8
k0.9
k0.9
k0.8
k0.6

43.8
46.0
41.0
40.2
42.0
45.0
45.0
44.5

i3.0
k1.5
k1.8
k1.9
i2.8
k2.0
i2.0
k2.6

Ra-228

Th-228

21.6 N . 6
22.3 N . 9
21.5 H . 9

21.8 fl.5
22.5 k0.6
21.1 N . 6

Appendix I
Burrinjuck Dam Radionuclide Data. All data reported as Bqkg. Uncertainies are equilvalent.
to one standard error on the mean.
JklurrumbidaeeSediment Core
DEPTH

U-238

Th-230

Ra-226

Pb-210

Th-232

Murrumbidaee Distance Samples

Ra-228

Th-228

K-40

CS-137

