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Abstract:

The *’Cs technique assumes that the initial distribution of '*’Cs is spatially uniform.
However if it is non-uniform, then estimates of soil loss could be in error. Consequently
the variability (relative standard deviation, rsd) of '*’Cs (Bq m™) is measured in various
'reference’ areas in SE Australia and found to be ~40%, irrespective of scale and/or
landform type. The areal concentrations of '*’Cs and *'°Pb,, were found to be correlated
(© = 0.7), suggesting that ~70% of their distribution could be explained by similarities
in their initial fallout and relocation prior to sorption within the soil matrix. Because of
this correlation, the rsd of the ratio between them was less than that of either nuclide
alone. A method is developed using this ratio and its measured depth dependency, to
calculate soil loss with better precision than was possible with either *’Cs or *°Pb...

The fallout nuclides 'Be, ?'°Pb_, and '*’Cs were found to have different depth
penetrations in undisturbed soils. These differences gave rise to unique concentrations
(Bq kg') and ratios that could be used to characterise sediment source, and by
inference, erosion mechanism. This method was used to show that the dominant (~97%)
contribution to fine-grained sediment flux in a small first order stream at Whiteheads
Ck., NSW, was from subsoil erosion of gully walls. The contribution of material from
the sheet/rill component was very small (~3%). The method also predicted that subsoil
material dominated the fine grained sediment flux in rivers at the much larger scale
(13,500 km?) of the mid-Murrumbidgee catchments, NSW. This finding was confirmed
by incorporating the *’Cs and *'°Pb,, concentrations of the three catchment sources;
subsoils, cultivated lands and uncultivated lands into a simple mixing model. This
predicted the contribution from subsoils to be ~89%. The combined contribution from
the uncultivated and cultivated sources was estimated to be ~11%, the majority of this
(by a factor of ~6) was from cultivated sources. These contributions were dependent on
residence time of the sediments, which was estimated to be less than 6 years in the mid-
Murrumbidgee. Profile reference curves of *’Cs and *'°Pb,, were also constructed for
the cultivated and uncultivated source areas of the mid-Murrumbidgee, and predicted
the depths of contribution to be <3 + 10 mm from the surface of the cultivated areas,
and <2 + 6 mm from the surface of the uncultivated lands. The same method was also
applied to a small plot on Black Mountain, ACT, and was able to predict the depths
from which artificially generated sediments were derived, and estimate the proportional
amounts of material from these different depths.

The low amounts of "*’Cs (Bq kg™') observed in fine grained sediments of Whiteheads
Ck. and the mid-Murrumbidgee, were also observed in rivers draining some ~18%
(1,400,000 km®) of the Australian land surface. A two component mixing model
estimated that the subsoil contribution to these was 90 + 10%. The actual amount
varied depending on assumptions about (i) the mean depth of gullies/channels, and (ii)
the "*’Cs concentration on surface soils. The substantial contribution by subsoils to
stream sediments suggests that, by comparison, surface eroded material must be
inefficiently delivered to streamlines. This is probably due to the low relief of the
continent, sediment exhaustion of surface sources and the generally low rainfall and
runoff in this country. Alternatively, subsoil material is rarely supply limited, and their
channel and gully sources are extremely well connected to streamlines. The benefit of
these tracer based results is that they directly estimate the contribution amounts from
various erosion sources, to the sediments themselves. To the author's knowledge, this
has not been attempted for the Murrumbidgee, or any other Australian river, before.
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Chapter 1: Introduction

1.1 Perspective

It is difficult to accept when things of value suffer neglect. Two such commodities in
Australia today are soil and water. Their neglect is not by intent, or idleness, on behalf
of their caretakers; rather, these people are distracted by the realities of generating an
income from the land, and the cycle of debt that often goes with it. In this scenario, it is
the soil and water, as well as the caretaker (often a farmer), that must work harder to
sustain life. The consequences of the resulting pressure on soil and water often go
unnoticed, simply because it occurs in small amounts, and over a time scale long
compared to our lives. The cumulative impacts become apparent however, when
fundamental change occurs: fish and birds disappear, crop productivity declines, or algal

blooms flourish. At this point the links between cause and effect come into sharp focus.

What we need are indicators, to gauge degradation of soil and water as it occurs. In this
way, the consequences of degradation can be quantified; better still they can be balanced
against the perceived benefit from whatever action or process is responsible for them.
This thesis sets out to provide indicators in the form of methods for measuring the

erosion of soils, and the impact of erosion on downstream environments.

In the following sections of this chapter the general structure of the thesis is outlined.
Broader issues in erosion are first discussed and two themes are identified, for which a
more detailed understanding is required: 1) measuring soil erosion; and i1) methods for

tracing and quantifying the sources of suspended sediments in rivers. The aims and
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objectives of the research required to address these themes are presented in the context
of hypotheses that are constructed and tested within each chapter. The results of all
these chapters are then synthesised in a discussion chapter, preceding the general

conclusions at the end of the thesis.

1.2 Land degradation

1.2.1 The problem

Degradation of soil resources is a serious problem in most countries, acknowledged in
government reports, soil erosion reviews, and environmental reports (Anon., 1978;
Brown, 1984; Clarke ef al., 1985; CSCAFF, 1984, Department of Environment, Sport
and Territories, 1996 ). If soil removal from slopes exceeds the rate at which it is
regenerated, fertility will decline and agricultural productivity will decrease. Loss of soil
is of particular concern where soil is scarce, and Edwards (1987; 1991) argues that the
rates of soil formation in Australia are so low, that effectively no soil loss can be
sustained at all. In addition some of the soil removed from slopes eventually enters the
fluvial system, where it adversely impacts on downstream environments (Walling, 1988).
Impacts include higher levels of turbidity and associated effects on drinking water quality
(Smalls, 1980), the decreased capacity and utility of water storages (Wasson, 1987;
Walling, 1988), contamination of reservoirs (Foster ef al., 1991), and disruption to the
ecology of aquatic plants and fish (Cullen, 1991). Nutrients such as phosphorus are also
associated with sediments and may be an important factor in changes to aquatic ecology,
such as the increased occurrence of algal blooms (Sharpley and Menzel, 1987; Oliver,

1993).
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If we aim to conserve soil and wish to evaluate the effects of different conservation
practices, then the amount of soil loss, and the rate at which it occurs, must be
quantified. Also, if the downstream impacts of soil erosion are to be minimised, it is
important to know from which parts of the landscape the material has originated so that

management can be targetted. These issues are discussed separately below.

1.2.2 Erosion of soil from slopes - how much and at what rate?

There are several methods available for determining the rates and amounts of soil
removed from slopes. These include: visual observation, survey by theodolite,
measurement using erosion pins, erosion plots, aerial photography, and use of a rainfall
simulator (de Ploey and Gabriels, 1980; Iverson, 1980; Evans ef al., 1994; Connolly et
al., 1996; Gascuel-Odoux ef al., 1996). The results from small scale erosion plot
measurements have also been included in various predictive soil models such as the
USLE, MUSLE, and SOILOSS (Rosewell, 1993). Radioactive caesium-137 (**’Cs)
provides another approach to estimating soil loss which can provide a retrospective, time
integrated view. This radionuclide was primarily deposited in Australia as fallout from
atmospheric testing of nuclear weapons (Walton, 1963; McCallan ef al., 1980). It binds
to soil particles upon deposition, and so translocation can be used as a measure of soil

movement.

Rogowski and Tamura (1965) provide an early demonstration of its use. They showed a
good correlation between soil loss and residual *’Cs content in a prepared soil plot. The
nuclide has been subsequently employed in many other locations and continents (Ritchie

et al., 1974, Brown et al., 1981; Longmore et al., 1983; Fredericks et al., 1988; Elliott

et al., 1990; Walling and Quine, 1991; Sutherland, 1992; Loughran ef al., 1992; Quine et
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al., 1993; 1994; Basher et al., 1995; Loughran and Elliot, 1996). Reviews of the method
are given in Wise (1980) and Ritchie and McHenry (1990). A usual assumption of this
technique is that the initial distribution of **’Cs is uniform across the landscape of interest
(Longmore ef al., 1983). However, it has been suggested (Fredericks ez al., 1988;
Sutherland 1991; 1994; Owens and Walling, 1996) that initial spatial variability of '*’Cs
in some circumstances can be considerable. This could affect those models that estimate
erosion and deposition by comparing "*’Cs residuals with only a single or limited number
of known 'reference' values. Therefore in order to better use fallout tracers, the initial
distribution of *’Cs in 'reference' type locations needs to be characterised. Methods to

take this effect into account must then be developed.

1.2.3 Downstream impacts - sediment sources

At the small scale, the links between soil erosion and its effect on downstream water
quality are often clear. However, if the aim is to reduce sediment delivery to waterways
it is unlikely that all the potential sources and forms of soil erosion can be treated
simultaneously, as resources to undertake remediation work are limited. Nevertheless,
by properly targetting the primary source(s) of either the particulate material, or the
associated nutrient or pollutant, resources can be best allocated. It is then important to

know whether the material is derived from surface soils, or from deeper in the profile.

There is often a marked contrast in nutrient status between the surface and the
underlying soil mantle (Kirkby, 1980; Norrish and Rosser, 1983). A large contribution of
soil from below the soil surface (with low concentrations of phosphorus) may contribute
more to total phosphorus flux in a river system than a lesser amount from the soil surface

(with higher phosphorus concentrations). Clearly, in this case, if a reduction in total
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phosphorus flux is the objective, remediation efforts should be directed towards subsoil
sources. Other 'imported' pollutants such as heavy metals (in fertilisers), pesticides, and
atmospheric contaminants are often associated only with surface soils (Novotny ez al.,
1986; Foster and Dearing, 1987). The determination of the depth from which sediment
originates has been undertaken using the mineral magnetic attributes of soils and
sediments (Walling ez al., 1979; Foster et al., 1996); a combination of magnetic with
other diagnostic properties such as *’Cs (Peart and Walling, 1986; Walling ez al., 1993;
Hutchinson, 1995); '*’Cs alone (Ritchie e al., 1974; Peart and Walling, 1986; 1988;
Hasholt and Walling, 1992); '*'Cs and 'Be (Burch et al., 1988; Olley et al., 1993); and
Cs, #'%Pb_ and 'Be (Wallbrink and Murray, 1990; 1993; Wallbrink e al., 1991; Walling
and Woodward, 1992). A numerical mixing model has also been developed using **Ra,
%7Cs and *'°Pb (He and Owens, 1995). However, apart from the last example, these
approaches tend to be descriptive. Consequently, methods need to be developed that can
better report depth sources (to thereby identify erosion processes), precisely calculate the
depths from which sediment has come, and more accurately determine the contributions

from different sources.

1.3 This thesis - aims and outline

Thus far, two themes involving fallout radionuclide methods in studies of erosion and
sedimentation have been identified, in which a knowledge gap is believed to exist. This
thesis aims to close these gaps by improving these methods. The research required to do
this provides the context for the five central chapters. All of these have been reviewed
prior to publication in (Chapters 2, 3, 4), or submission to (Chapters 5, 6), an

international journal. The first theme (Chapters 2 and 3) deals with varability of fallout
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137Cs and Lead-210. (Fallout *°Pb, or atmospherically derived *'°Pb, is that fraction of the
nuclide which is in excess of the parent Radium-226 (**Ra), referred to hereafter as
21%Pp_). A method is described which makes use of the relationship between these two,
to more accurately quantify soil erosion from slopes. The second theme (Chapters 4, 5,
and 6) focuses on establishing the different depth distributions and concentrations of

137Cs, 2°Pb_, and Beryllium-7 ('Be) in disturbed and undisturbed soils. These differences

exo
are then used to quantify the depth sources, and relative contributions, of sediments in
active transport. These general aims are examined in the form of hypotheses. Most of
the hypotheses are constructed to examine the detail of a specific process at a particular
site, or to challenge a preconceived view. Some, however, simply represent a starting

point with which to begin the understanding of a particular process. A summary of all of

them 1s set out below.

1.3.1 Theme 1: Measuring soil erosion

The first set of hypotheses is as follows:

(1) "*’Cs is uniformly distributed within reference areas;

(2) The distribution of "*’Cs at the small (1 ha) scale is associated with soil movement
alone; and

(3) The variability of *’Cs within tree covered areas will be higher than in pasture.
These are tested and discussed in Chapter 2: "Reference site variability" in which the
variability in areal concentrations of *’Cs in 'reference' locations, in and around the ACT
region, is measured at the scale of 1 ha and 300 km®. The variability of *’Cs in
pastureland and forested environments is also examined. The results of this chapter

provide the framework for the next set of hypotheses, which are:
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(4) The ratio of the soil inventories of *’°Pb,_and *’Cs has a lower overall variability in
'reference’ areas than the areal concentrations of either nuclide alone;

(5) The ratio of *'°Pb,_to '*’Cs in forested reference areas is different from those in
harvested areas; and.

(6) Soil loss from a 'normal’ impact logged plot will exceed that from a 'minimal’ impact
logged plot.

These are addressed in Chapter 3: "Determining soil loss using the inventory ratio of
fallout '°Pb to *’Cs" in which the suggestion that fallout *'°Pb may be subject to the
same causes of variability as *'Cs is examined. It is proposed that the ratio between
?%b_ and '*’Cs may provide a more robust description of cumulative soil erosion across
the landscape than *’Cs alone. The method is based on the simultaneous use of *°Pb_,
and *’Cs, and is tested by attempting to determine the different amounts of soil loss from

plots treated by 'normal' and 'minimal' impact harvesting practices in a eucalypt forest.

1.3.2 Theme 2: Tracing and quantifying the sources of suspended sediments

The origin of suspended sediment material within fluvial systems is now considered, and
a second group of hypotheses are tested:

(7) The tracers "*’Cs, *’°Pb_, and 'Be have different initial soil depth distributions in
undisturbed soils;

(8) Eroded material from soil surfaces will have high fallout nuclide concentrations,
and subsoil derived material will have low fallout radionuclide concentrations; and

(9) The net contribution from surface erosion will exceed that from gully erosion.

In Chapter 4, "Determining erosion processes using fallout radionuclides", it is proposed
that differences in the concentrations of '*’Cs, *°Pb_, and "Be in soils and sediments can

be used to describe erosion type, and thus the source depth of sediments. This is
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examined within a first-order gullied catchment in which the relative contributions from
surface sheet erosion and subsoil gully erosion to catchment sediment flux are unknown.
The aim of the experimental work is to first determine whether differences in
radionuclide tracer concentrations occur between top-soil and subsoil derived material.
These differences are then used to infer sediment source(s) and calculate their relative
contributions. An attempt is also made to improve the precision of this method by

testing the next group of hypotheses. These are as follows:

(10) The combined depth profiles of *’Cs, *’°Pb_, and ’Be provide unique concentration
labels on soil material from different depths within those profiles;

(11) The concentration labels of **’Cs, *'°Pb,,, and ’Be on sediments from these profiles
can be used to determine their depth origin(s) in the soil profile; and

(12) Surface material derived from shallow rill and overland flow will exceed that from
sides and floors of deeper rills and gullies.

These hypotheses are tested in Chapter 5, "Quantifying depth sources using fallout
radionuclides", in which soil profile reference curves are constructed using the measured
depth dependencies of *’Cs, *°Pb_, and 'Be in a small (~150 m®) plot. The plot surface
is subject to separate treatments of increasing surface disruption, and rainfall is applied to
the plot between each treatment condition. The tracer concentrations on the sediments
generated from each treatment are then compared with the profile reference curves to
retrospectively determine their original location in the soil profile. The problem of
selective transportation of finer particles is addressed by normalising soil concentration
data to the particle size range of the transported sediments. The results of the tracer

based research at the small scale are then examined at the large scale of the

Murrumbidgee River, by testing the following hypotheses:
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(13) Different land use and land form types will produce distinct fallout radionuclide
concentrations in eroded sediment;

(14) Surface material from the heavily cultivated lands of the mid-Murrumbidgee will
dominate the flux of material in the channels draining this area; and

(15) The average residence times of fine particulates in this large catchment will be
longer than 10 years.

This final set of hypotheses is tested in Chapter 6, "Determining the origin of suspended
sediment sources at large scales". In this chapter, the different concentrations of *'°Pb_,
and '*'Cs in various potential catchment sources (uncultivated land, cultivated land and
channel/gully banks) are used in a simple mixing model to calculate their relative
contributions to sediments in the middle region of the Murrumbidgee River. Large parts
of this catchment are actively cultivated for the production of wheat and cereals; there
are also numerous channels and gullies. /n situ *'°Pb labelling of sediment by direct
fallout is also considered and used to estimate boundaries on the residence time of

suspended sediment material in the major tributaries of this river.

In Chapter 7 the thesis is drawn together by applying the methods developed in each
chapter to data from the other study sites. Some general trends in the predictions of the
methods and the results from the different locations are noted. The significance of these
results to regional processes and patterns of sediment production are then examined.
These findings are extrapolated to catchments of similar morphodynamics elsewhere in
Australia. In Chapter 8 the major conclusions of this thesis are summarised, various
deficiencies in the research and methodology are discussed, and options for further

research to improve and test the findings are proposed.
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Chapter 2: Reference site variability

2.1 Perspective

Soil erosion is a serious problem in Australia (see Section 1.2.2). One method to
quantify the amount of erosion and the rate at which it is occurring, incorporates
measurements of radioactive fallout *’Cs. However, the use of this method is
complicated by the potential for initial variability in its distribution. This variability
may be a function of surface cover type (ie. the presence or absence of trees). This
chapter describes measurements of *’Cs in a small plot at Yarramundi Reach, ACT.
Soil redistribution is first estimated using 'conventional' *’Cs analysis. These estimates
are then examined in the light of the initial variability of *’Cs explicitly measured in
reference areas both at different scales within the same region, and at different locations
in southeastern Australia. Reference areas with and without tree cover are considered.
Finally, the work in this chapter is linked to the second chapter by presenting
preliminary evidence that the variability of '*’Cs can be partly accounted for by using it

in conjunction with #°Pb,,.

Therefore, hypotheses tested in this chapter are that: (1)"*’Cs is uniformly distributed
within reference areas; (2) The distribution of °’Cs at the small (1 ha) scale is
associated with soil movement alone; and (3) The variability of '°’Cs within tree

covered areas will be higher than in pasture.

This chapter has appeared as: Wallbrink, P.J., Olley, J. M. and Murray, A.S,
Measuring soil movement using *’Cs: implications of reference site variability, in:

Variability in Stream Erosion and Sediment Transport, IAHS Publ. 224, 95-101, 1994.
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2.2 Introduction

The fallout radionuclide *’Cs has been used extensively to quantify patterns of soil
accumulation and movement within landscapes (McCallan ef al. 1980; Campbell ef al.
1982; Loughran ez al. 1990; Quine and Walling 1991). The technique involves
measuring the total input of *’Cs at a 'reference' area and then comparing it to values
observed from disturbed locations. Areas with lower areal concentrations than the
reference value are considered to have undergone erosion and those with higher
concentrations have experienced soil accumulation. Reviews of this technique are

given in Ritchie and McHenry (1990) and Sutherland (1991).

A central assumption of this technique is that local fallout is uniformly distributed
(Walling and Quine, 1992). However this assumption has rarely been tested (see
Fredericks ef al., 1988 and Sutherland, 1994) and little consideration is given to the

inherent natural variability of *’Cs in undisturbed 'reference’ areas.

In this study, '*'Cs areal concentrations have been measured over a 1- ha hillslope plot.
The variability in the *’Cs concentrations are first interpreted in terms of soil
redistribution, assuming a uniform '*’Cs deposition. The variability of '*'Cs

concentrations due to deposition effects are then assessed by examining '*'Cs

concentrations at eight adjacent sites which fulfil the 'reference site' criteria used by

others, (Ritchie ef al. 1974; McCallan et al. 1980; Campbell ez al. 1982). These data are

then used to determine whether or not the variability in '*’Cs concentrations at the 1- ha

hillslope site could be explained in terms of fallout variability.
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A method of reducing the variability of *’Cs due to fallout effects, utilising the

covariability of *'°Pb,, is then suggested.

2.3 Site Descriptions

The experimental work was undertaken in the city of Canberra which lies within the
Australian Capital Territory (latitude 34°S, see Figure 2.3.1) and at St Helens, Tasmania
(latitude 42°S). The long term average rainfall in Canberra is ~630 mm which falls

evenly across the city; annual deviations from this can be up to 100 mm.

~ACT/ Canberra =
32
Black Mountain Reserve
Yamamundi Reach
Collins Park
Haig Park
Monaro Highway
Bugden Ave. Park
Mt Stranger
Chamwood Fields
Namabundah Oval

OCO~NOTODH WN =

\ \1?% .

> 7} Mmy Griffin
\, .

55
o7 .6
Urban areas
0 5km
| I |

Figure 2.3.1 Location diagram of Yarramundi Reach test plot and eight reference sites
sampled within the A.C.T., Australia.
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2.3.1 Yarramundi Reach, ACT

The 1 ha test plot was at Yarramundi Reach on the western shores of Lake Burley
Griffin which lies centrally within the city. The maximum vertical relief at the site was
~5 m. Adjacent to this plot, approximately 50 m distant, is a commercial Pinus radiata
plantation. Based on data presented by Longmore e al. (1983) for Brisbane, the net
fallout of '*’Cs in Canberra is expected to be ~640 Bq m™, decay corrected to 1991,

although this makes no allowance for the 10° latitude difference between them.

2.3.2 ACT region reference sites

Eight other locations were chosen within the ACT region (Figure 2.3.1) which fitted the
requirements for '*’Cs reference locations, that is i) they had been undisturbed and
stable for at least 35 years and ii) soil movement was considered unlikely. The sites at
Black Mountain reserve, Haig Park, Bugden Avenue Park, Narrabundah and Collins
Park had a uniform overstorey species of either Eucalyptus, Poplar, Pinus or mixed
deciduous trees of European origin. The average distance between individuals trees in
these locations was ~10-20 m. The sites at Charnwood, Mt Stranger Reserve and
Monaro Highway had no tree cover, although there was a persistent cover of a mix of
native grasses and sedges. All the reference locations were uniform over at least 3 ha in
size, and were chosen to be independent of factors such as aspect and slope position.

The surface relief was less than 10° at all these locations.

Soils in the ACT region fall within the following six major soil groups as defined by
Northcote, (1979), Uniform Coarse textured, Uniform fine-textured, Massive earths,

Structured red and brown earths, Texture contrast and Alluvial. These are
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differentiated mainly on the basis of texture, Gunn et al., (1969). The reference sites

were based on a selection of these different soil types.

2.3.3 St Helens, Tasmania

The St Helens forest (latitude 42°S) is dry sclerophyll and consists predominantly of
Eucalyptus seberii. The understorey is largely nonexistent due to frequent burning. The
average distance between individual trees is ~20 m. This overstorey and landform type
is persistent over an area of ~100 ha. The soils here are described as yellow podzolics
which have been formed on adamellite granites and are classified as Uc2.21 (Northcote,
1979; W. Nielson, 1994, pers. comm.). Two reference plots were selected within this

forest, their surface relief was less than 15°

2.4 Soil sampling and analysis

2.4.1 Yarramundi Reach, ACT

An area of 100 x 100 m was divided into a 10 x 10 m grid. A series of 50 samples were
taken for *'Cs analysis from soil pits excavated within every second cell. These were
obtained by hammering a 20 x 20 cm frame into the ground and excavating the soil
within this area (0.04 m®) to a depth of 25 cm. This produced a mass of soil in the range
8-12 kg, depending on soil density. A detailed topographical survey was then

undertaken of this site with vertical resolution of ~1cm.

2.4.2 ACT region reference sites
At each of the reference sites, 9 samples were taken by the method described above,

except for Black Mountain in which 5 samples were taken. At Narrabundah, Monaro,
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Bugden Avenue and Black Mountain all the samples were analysed separately. At
Charnwood, Haig Park, Collins Park and Mt Stranger Reserve the nine samples were

randomly mixed into groups of three which were then analysed.

2.4.3 St Helens, Tasmania

At St Helens, 20 representative soil cores, each of surface area 0.008 m?, were taken
from 2 reference plots, representing a surface area of ~700 m*. The cores were 300 mm
deep and contained approximately 2.5 kg of soil. Upon returning to the laboratory the
tubes were cut into 2 sections (0-5, 5-30 cm) which were measured independently to
allow for greater precision in *'°Pb,, concentrations. Fallout *°Pb is preferentially

retained nearer the surface than '*’Cs ( Wallbrink and Murray, 1993).

The soil samples from Yarramundi Reach, ACT region and St Helens were each
thoroughly homogenised and crushed in a ring grinder. A representative subsample of
this material (250g) was then removed for radionuclide analysis. Note: A full

description of the analytical methods used in this thesis is given in Appendix Al.

2.5 Results and discussion

2.5.1 Yarramundi Reach, ACT

A digital elevation model was created for the Yarramundi Reach site using the
SURFER' software package. The '*’Cs (Bq m?) spatial data were also contoured and
the resultant isocaes surface (Longmore ef al. 1983) overlayed onto the digital terrain
model (Figure 2.5.1). The concentration of '*’Cs ranged from 300 to 1800 Bq m?,

uncertainties were ~90 Bq m?. The areal concentrations of '*'Cs are highest at the

Page 18




bottom of the siope and lowest in the midslope areas. If the Longmore ez al. (1983)
scale of erosivity, (converted to Bq m?, i.e. <270 Bq m™ severe erosion, 270-570
moderate erosion, 570-685 mild erosion, 685-860 mild accumulation, 860-1145
moderate accumulation, 1145-1430 heavy accumulation, >1430 Bq m™ very heavy) is
applied to our site, then at least moderate erosion should be observed on the western

side of the site and very heavy accumulation on the bottom of the slope.

Bq m~2

300-600

600-900
900-1200
200-1500
[ 1500-1800

Figure 2.5.1 Map of *’Cs areal concentrations and surface topography over a 1 ha
site at Yarramundi Reach, ACT.

However, physical observation of the site, including examination of stratigraphy 1n soil
pits, revealed no discernible evidence of soil movement or accumulation. There is also a
semi permanent soil cover by native grasses which limits soil and particle movement. It
is thus considered improbable that soil movement has occurred to the degree suggested
by this simple application of Longmore's erosivity scale. However, a realistic estimate

of soil loss from well managed native pastures, such as at Yarramundi, is considered to
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be ~19 + 5 t km? yr' (R.J. Wasson, 1994, pers. com.). This value can be used to
estimate the minimum influence of soil movement on the distribution of '*’Cs at this
site. The analysis is begun by first converting the specific yield from pasturelands to a
total average soil depth loss at Yarramundi Reach over the **’Cs timescale (30 yr);
which is equivalent to ~0.74 + 0.2 mm using the measured bulk density of 1.3 g cm”.
The total amount of '*’Cs redistributed by the movement of this soil then calculates to
~170 kBq, by multiplying the mass of material from this depth by the average *’Cs
concentration on surface particles ~30 Bq kg' (Wallbrink and Murray, 1993). It can be
assumed that this amount of *’Cs has been re-deposited in a lower slope position, and
define this region to be greater than 1 standard deviation (305 Bq m™) from the
estimated regional '*’Cs average 722 Bq m™ (Section 2.5.3). This is equivalent to an
area of ~1200 m*(beyond the 1027 Bq m™ isoline) to which the net addition amount
calculates to ~140 + 40 Bq m™. Although this latter figure accounts for less than 20 %
of the mean "*’Cs soil inventories in this area, it does suggest that soil loss consistent
with that from well managed pasturelands must be partly responsible for some of the
downslope trend of increasing '*’Cs areal activity in this plot. The remainder of the

difference however, has yet to be accounted for.

2.5.2 Possible causes of initial non-uniform distribution of *’Cs

Deposition of *’Cs is known to occur predominantly in association with rainfall. There
are two mechanisms that may contribute to a non-uniform distribution of *’Cs at the
time of deposition. The first of these is related to attributes of surface topography,
which may influence fallout over a scale of one to hundreds of metres. Features such as

hills, trees and shrubs affect the random pattern of rainfall by creating persistent
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perturbations in air flow (Gash, 1986). These perturbations create wind and rain
shadows and thus, zones of relative '*’Cs depletion and enhancement. In this context the
presence of the mature Pinus trees upwind of the Yarramundi plot should be noted. In
contrast, concentrations of '*’Cs may be increased in the drip zone beneath canopies. It
is therefore expected that the variability of '*’Cs will be greater within forested areas
than areas without canopy cover. The second group of mechanisms which may
influence '*’Cs deposition are related to soil factors which affect the local movement of
rain water on and within the soil over a scale of 1 to hundreds of centimetres. These
include differences in soil density, infiltration capacities and soil chemical properties.
The net effects of these processes on *’Cs fallout can be assessed by examining

variability of '*’Cs at locations that fulfil the reference site criteria.

2.5.3 ACT region reference areas

The heterogeneity in '*’Cs distribution was estimated by determining the relative
standard deviation (rsd, also known as coefficient of variation) of '*’Cs areal
concentrations from a number of soil cores collected from the reference sites within the
ACT, where it is thought that no significant soil loss or redistribution has occurred since
1950. The results have been condensed to show the number of samples taken, the
average, standard deviations, relative standard deviations and the standard error from
each reference location (Table 2.5.3.1). The corresponding values from Yarramundi
Reach are also given. The mixed samples from the four sites (noted as * in Table
2.5.3.1) did not represent individual estimates and thus were not included in the
calculation of the regional '*’Cs variability. This was calculated to be 722 Bq m™ with

standard deviation of 305 Bq m™ using data from the other four non-mixed sites
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(denoted as #). The rsd of '*’Cs areal concentrations across these reference sites in the
ACT was ~42 % and compares to ~38 % at Yarramundi Reach. There is a negligible
difference in the net regional average if the Yarramundi data is included in the overall

reference site average calculations (Table 2.5.3.1).

Table 2.5.3.1 Yarramundi Reach, ACT, ACT regional reference sites and St Helens,
Tasmania, '*’Cs areal concentration data.

Location Number Average Standard Relative Standard
of ¥ICs  Deviation Standard  Error
Samples (Bqm™) (o) Deviation
Yarramundi Reach 50 685 272 38 38
Bugden Avenue ¥ 9 509 204 40 68
Narrabundah ¢ ? 9 721 159 22 53
Monaro Hwy ® 9 797 329 41 109
Black Mountain ¢ * 5 974 356 36 159
Charnwood & * 3(9) 573 88
Haig Park  * 3 (9) 745 111
Collins Park ¢ * 3 (9) 546 69
Mt. Stranger ¢ * 3(9) 655 32
# sites (excluding 32 122 305 42 54
Yarramundi Reach)
# sites (including 82 699 288 41 32
Yarramundi Reach)
St Helens
'*’Cs concentration 18 810 380 47 90
210Pb /137CS
21%p_/**'Cs ratio 18 y 0.6 97 0.14
Note: * denotes all soil samples analysed separately
* denotes soil samples mixed into groups of 3
¥ denotes forest cover, © denotes pasture
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The '*’Cs data also show no systematic difference in average areal concentration

between forested or pastured reference sites, with the lowest and highest variabilities

occurring in the latter category. The total range of average areal values was from 546 (c

= 98) Bq m™ at Collins Park to 974 (c=356) Bq m™ at Black Mountain reserve.

Yarramundi

Bugden Ave

Narrabundah
Monaro Hwy

Black Mountain

Charnwood
Haig Park
Collins Park
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Figure 2.5.3.1 Spread in *’Cs areal concentration data from Yarramundi Reach, ACT
and ACT regional reference sites.

The data from all the sites have been plotted (Figure 2.5.3.1). The mean and 1 standard

deviation reference lines (solid and dashed lines respectively) are derived from the

non-mixed (black squares) reference site data. It can be seen that mixing of soil

samples (open triangle) reduces the scatter of '*’Cs and allows accurate estimates of site

averages to be made with fewer analyses, however information on real field variability
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is obscured. The standard errors from both the mixed and non-mixed reference areas
(Table 2.5.3.1) are, as expected approximately equal. It is also evident that both the
areal '*’Cs averages and the spread of concentration data from Yarramundi Reach are
consistent with those from the reference areas. There is only one point from the

Yarramundi Reach data set that is greater than 3 standard deviations of the regional

average.

The similarity of the remaining values leads to the conclusion that although there is
evidence that soil redistribution is partly responsible for the variability in *’Cs
concentrations at Yarramundi, it is difficult to discern this from the inherent variability

resulting from fallout.

2.5.4 Using the *'°Pb,, /"*’Cs ratio to reduce variability

Fallout *'°Pb is also deposited primarily in association with rainfall, and so its
deposition is likely to be affected by the same factors as '*’Cs. If this is the case, then
the ratio of ’°Pb. to '*’Cs should be less variable in surface soil than the concentrations
of either nuclide alone. This ratio may reduce the variability found at reference sites,

and 1its use has been examined at the St Helens site.

The average *’Cs inventory at St Helens was 810 (¢ = 380) Bq m™(n=18, see Table
2.5.3.1), with rsd of ~47 %. The ratio of *'°Pb_, to '*’Cs was then determined from the
same samples to be 2.2 : 1 (c = 0.6). This is an rsd of ~27 %, which represents a
relative reduction in variability of ~40 %. Clearly, the *'°Pb,_,/"*’Cs ratio is less variable

at this site and suggests that it may be a more sensitive indicator of surface soil
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movement than measurements of '*’Cs concentrations alone. This technique is currently

being pursued as a means of deriving more stable reference values elsewhere.

2.6 Conclusions

It has been shown that areal concentrations of '*’Cs varied with slope position in a 1-ha
hillslope plot. Concentrations were highest in the lower areas. A published '*'Cs soil
erosion relationship suggested that very heavy soil accumulation had occurred in the
lower slopes in the last 30 years. However, it was shown that the variability in '*’Cs
areal concentrations at the site was comparable to the variability in '*’Cs fallout
determined from nearby uneroded reference sites. This suggests that, at the very least,
some of the hillslope site variability could be due to variations in fallout distribution

alone.

It is clear that more work needs to be undertaken to identify and quantify the cause of
'*'Cs variability in the environment. Until this is done, areal concentration
measurements of '>’Cs should only be used with caution. On the other hand, fallout
variability may be reduced by taking the ratio of '*’Cs concentration to *'°Pb excess.
This indicates that the *°Pb_/*’Cs ratio may be a more reliable indicator of surface soil

movement.

2.7 Summary and consideration of hypotheses

To determine soil movement based on redistribution of '*’Cs, 50 samples were taken at
grid points on a 1- ha hillslope plot. There was a correlation between slope position and

areal concentration of '*’Cs, suggesting that soil had been moved from upslope areas
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and deposited in lower slope positions. However, detailed sampling was undertaken at
eight suitable nearby reference locations to determine '*’Cs fallout over the region. The
distribution of "*’Cs in these locations was found to have a variability of ~40%.
Therefore hypothesis (1)"*’Cs is uniformly distributed within reference areas is rejected.
The variability in areal concentrations at these locations was approximately equal to the
variability observed in the test plot, suggesting that fallout variability alone could
account for the observed differences in '*’Cs areal concentration. Thus it cannot be
concluded that the '*’Cs distribution reflects only soil transport. Consequently,
hypothesis (2) The distribution of °’Cs at the small (1 ha) scale is associated with soil
movement alone is also rejected at this site. At least part of the '*’Cs distribution could
result directly from the pattern generated by fallout and immediate runoff. There
appeared to be no discernible difference between the variability of *’Cs in forested or
pastureland sites, and the highest and the lowest variabilities occurred within forested
areas. Consequently, hypothesis (3) Variability of '*’Cs within tree covered areas will
be higher than in pasture is rejected. Finally, analysis of the inventories of *'°Pb,, and
*’Cs in forested soils at St Helens revealed that there was less variability in the ratio
between them than for either nuclide alone. This approach may be a more robust
indicator of landscape condition than measurements of *’Cs in isolation. This finding

1s further explored in Chapter 3.
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Chapter 3: Determining soil loss using the inventory ratio of
210Pb to 137CS

3.1 Perspective

In Chapter 2, the variability of the ratio between *°Pb,, and *’Cs at St Helens was
shown to be less than that for either radionuclide alone. This chapter explores the
relationship between *°Pb,, and '*’Cs in more detail; in terms of the underlying
processes responsible for their initial variability. A method for using the reduction in
variability is also proposed, in which measurements of the ratio in disturbed areas are
compared to the ratio as a function of depth in adjacent reference areas. In particular,
measurements of '*’Cs and *'°Pb,, are undertaken within 4 forest plots, of which two are
controls and two have been harvested according to different practices, ie 'normal' and
'minimal' impact. Soil loss from the two harvested plots is first estimated using
measurements of *’Cs and *'°Pb,, alone, and then compared to that determined from

the ratio of the two.

Hypotheses tested in this chapter are, that: (4) The ratio of the soil inventories of *'°Pb,,
and "*’Cs has a lower overall variability in 'reference’ areas than the areal
concentration of either nuclide alone; (5) The ratio of *'°Pb,, to "’Cs in forested
reference areas is different from those in harvested areas; and (6) Soil loss from a

‘normal’ impact logged plot will exceed that from a 'minimal’ impact logged plot.

This chapter has appeared as: Wallbrink, P.J. and Murray, A.S., Determining soil loss
using the inventory ratio of excess Lead-210 to Cesium-137, Soil. Sci. Soc. Am. J. 60,
1201-1208, 1996.
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3.2 Introduction

3.2.1 Measuring soil loss

Redistribution of fallout *’Cs has been widely used to determine patterns and rates of
soil loss and sediment accumulation (Longmore et al., 1983; Kachanoski, 1987,
Sutherland and de Jong, 1990; Loughran et al., 1990). Generally, an input or
reference value of *’Cs is determined and compared with soil inventories of '*’Cs in
erosion or deposition sites; a review of this technique can be found in Ritchie and
McHenry (1990). There are several methods available for calculating soil loss rates
from '*’Cs measurements and these include: empirically derived relationships between
the reduction in '*’Cs activity and soil loss such as those developed by Elliott ez al.
(1990) and Ritchie and McHenry (1975); theoretical models such as the proportional
method of Kachanoski (1987); the gravimetric method (Brown et al., 1981); profile
distribution models (Zhang et al., 1990); and mass balance models (Fredericks and
Perrens, 1988). A review of these is given in Walling and Quine (1990). With the
exception of Zhang ef al. (1990) and Elliott ef al. (1990) these methods have been
developed for use on cultivated soils, and consequently assume mixing of *’Cs at least
to the depth of the plough layer. Generally they are intended to be used to calculate
rates of loss in terms of an annual average. All these approaches rely on the assumption
that the initial fallout deposition is uniform and that there is no immediate redistribution
before the *’Cs is trapped by soil particles. However, various authors (eg. Wallbrink
et al., 1994; Sutherland, 1994) have shown that the initial distribution of '*’Cs may not
be uniform, indeed the variability can be large, up to 40 %. Many samples then need to

be analysed to reduce the uncertainties on reference values, (Fredericks ez al., 1988;

Page 29




Sutherland, 1991) and despite this it is possible or even probable that the input value

will not be appropriate to the point values from suspected eroded or deposition sites.

3.2.2 Causes of variability in *’Cs and *'°Pb,,,

It is likely that the causes of variability in the '*'Cs areal concentrations similarly affect
the initial areal concentration of other fallout radionuclides, such as ‘Be and *'°Pb,,.
Fallout of '*’Cs in the southern hemisphere essentially stopped in the mid 1970's
(McCallan et al., 1980; Longmore ef al., 1983) and since this time about half of the
present soil inventory of fallout *°Pb (half life 22 yr) has been precipitated.
Nevertheless, both '*’Cs and fallout *'°Pb are deposited mainly in rainfall, and so will be
similarly affected by micro-climate variations, such as rain-shadowing, and by
differences in soil permeability. Thus it is possible that some initial correlation
between the areal concentrations of these two fallout nuclides exists. Megumi ef al.
(1985) report a relationship between concentrations of these two in surface soils.
Subsequent redistribution by soil movement may or may not affect the nuclides
similarly, depending on their relative distribution with respect to depth and particle size.
The degree to which these characteristics have changed over the last 40 years or so will

also affect the correlation.

3.2.3 Aims of this work

In this chapter, soil losses from different logging treatments are measured using fallout
radionuclides. These losses are first estimated by comparing '*’Cs and *'°Pb,,
inventories with their measured depth distribution in reference profiles. Evidence is
then presented of a good spatial correlation between areal concentrations of these two

nuclides. This observation is then used to develop a new quantitative method for
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determining soil loss. The method is based on comparing areal averages of fallout

210ph,/137Cs inventory ratios from the logged sites with the activity ratio curve derived

from depth dependent measurements of these two nuclides at two 'control’ locations.

3.3 Site description

The St Helens State Forest (latitude 42°S, longitude 148°E, Figure 3.3.1) consists

predominantly of Eucalyptus seiberi.

Bass Strait

77 study

darea

Tasman Sea

D Study plots
D Cleared forest
[:') Natural forest

Road

il 1

|

Contour interval 10m

800 m

Figure 3.3.1 Location diagram of St Helens field study area, Tasmania, showing

relative positions of experimental plots within the St Helens State Forest.
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* As outlined in Section 2.3.3, there is little shrub understorey because of frequent

d! burning. The lithology is mainly granite, which is porphyritic, equigranular and coarse
1 grained, with outcrops occurring on ridgetops and some slopes. There is a small
component of biotite and a major component of muscovite adamellite. The soils are
yellow podzolics and have shallow (2-15 cm) sandy A-horizons which overlay yellow
gravely sandy/loams. They are classified according to the Australian soil taxonomy

classification system as Uc2.21 (Northcote, 1979), this falls within the U.S. soil

taxonomy suborder Aqualf. Some basic properties of the soil are listed in Table 3.3.1.

Table 3.3.1 Physical properties of soils within experimental plots, at St Helens,
Tasmania. Values are representative of the top 300 mm only.

Location Organic Texture Bulk
matter <63um 63-125 125-250 250-500 >500  density

(%) %) (%) (%) (%) (%) (gem’)

Plot 1 2.94 992 5.58 5.28 7.98 68.48 .52

Plot 2 4.77 8.79 391 4.32 7.23 7089 1.46

Plot 3 2.46 11.37 6.83 6.09 9.27 63.97 158

Plot 4 1.60 9.00 399 5.43 7.44 70.51 1.31

|

' A major feature of the surfaces of these soils is a lag layer of white quartz grains of

|

| thickness from one to five mm thick. In conjunction with the shallow A horizons this
|

' suggests that natural erosion may be significant. All the plots had slopes less than 15°.
|
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Annual rainfall is ~650 mm yr', with a winter predominance, however high intensity

storms (up to 200 mm hr'') may occur over the summer months.

3.4 Materials and methods

3.4.1 Logging treatments for each plot

In March and April 1991 the Tasmanian Forestry Commission logged parts of the St
Helens forest as part of an experiment to examine erosion under different harvesting
conditions. After logging operations ceased, four 350 m” plots were cordoned off
(Figure 3.3.1). The unlogged Plots 1 and 4 were adjacent to each of the harvested
areas and left as control sites. Plot 1 was just outside the catchment boundary, however
it contained similar soils and vegetation type to the others. Plot 2 (normal impact)
represented standard logging practice and had crown and stem removal from the site
and soil banks to 60 cm high pushed up by bulldozers to reduce water flow over the
disturbed soil. Plot 3 (minimal impact) was harvested less intensively and the crowns
and waste were left on site, vehicle movement was kept to a minimum and no soil
banks were installed. It was anticipated that soil loss from Plot 2 would exceed that of

Plot 3.

3.4.2 Radionuclide concentration of soils within study plots

The radionuclide concentrations of the soil from the logged and unlogged plots were
determined by dividing each plot into roughly 10 x 35 m® grid cells. Representative soil
cores were then taken randomly from within each cell to a total of 9 or 10 cores per plot
although obvious features such as trees and rock outcrops were avoided. The distance

between cores was about 5 - 10 m and the coring tubes (diameter 100 mm, depth 300
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mm) each contained approximately 2.5 kg of soil. Sampling occurred about 14 months

after logging.

Detailed depth sampling was undertaken at the two 'control’ sites to determine the initial
distribution of the two nuclides. These profiles were of known area and acquired using
the method described in Wallbrink and Murray (1996a). Briefly, a high speed router
with a 25 mm diameter tungsten carbide bit was used to obtain samples from an area of
0.16 m°, in depth increments of as little as one mm, down to 30 mm. Below this, the
sample area was reduced to 0.04 m?, and a scraper used to obtain depth increments of

10 mm down to 300 mm.

3.4.3 Analytical procedure

All samples were oven dried, ashed at 400° C, and analysed by gamma spectrometry for
*7Cs, ***Ra and *'°Pb as described by Murray ef al. (1987). They were counted for a
minimum of 85 ksec. *'°Pb is generated from the decay of Radon-222 (**Rn) both
within the soil, and in the atmosphere and a review of its genesis is given in Wise
(1980). Generally the fallout **°Pb concentration, (*'°Pb,,) is calculated as the
difference between the *°Pb concentration and **°Ra concentration in the soil (Appleby
and Oldfield, 1978), and no allowance is made for the escape of “*Rn gas. At St
Helens the *°Pb activity concentrations become a constant fraction of **Ra at depth
(about 95%)) ie. there is about a 5 % loss of “*Rn activity to the atmosphere.
Consequently, our values of *°Pb,, are calculated by subtracting 95% of the observed
“°Ra at each depth from the appropriate total ’°Pb concentration. Unless otherwise

noted, all mean values are reported plus or minus one standard error.
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3.5 Results

3.5.1 Radionuclide concentrations of soil cores from Plots 1, 2, 3, and 4

The radionuclide areal concentrations of the soil cores from all the plots are
summarised in Table 3.5.1.1. The concentrations of *'°Pb,, and '*’Cs measured in the
detailed profiles from Plots 1 and 4 are shown as a function of depth in Figures
3.5.1.1a, b and 3.5.1.2a, b, respectively. The cumulative inventories of each nuclide
have been calculated from depth by summing the areal concentrations within each
increment towards the surface (Figures 3.5.1.1c and 3.5.1.2¢; for clarity only the top

150 mm are shown). The deeper penetration of *’Cs is clearly visible.
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Figure 3.5.1.1: Detailed 'control' profile from Plot 1 showing (a) *'°Pb,, concentrations
with depth (b) *’Cs concentrations and (c) cumulative areal
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