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ARTICLE INFO ABSTRACT

Keywords: This paper examines the distributions of several anthropogenic radionuclides (*3°*240pu, 21 Am, 1%7Cs, 2sr, 49Go
Legacy and ®H) at a legacy trench disposal site in eastern Australia. We compare the results to previously published data
Tre“d‘_ for Pu and tritium at the site. Plutonium has previously been shown to reach the surface by a bath-tubbing
Ersti[:)r:?:oducts mechanism, following filling of the former trenches with water during intense rainfall events. This has led to
Tritium some movement of Pu away from the trenched area, and we also provide evidence of elevated Pu concentrations
Mobility in shallow subsurface layers above the trenched area. The distribution of 21 Am is similar to Pu, and this is

attributed to the similar chemistry of these actinides and the likely in-situ generation of ?**Am from its parent
241y, Concentrations of 137Cs are mostly low in surface soils immediately above the trenches. However, similar
to the actinides, there is evidence of elevated *’Cs and °°Sr concentrations in shallow subsurface layers above
the trenched area. While the subsurface radionuclide peaks suggest a mechanism of subsurface transport, their
interpretation is complicated by the presence of soil layers added following disposals and during the subsequent
years. The distribution of **Sr and '’Cs at the ground surface shows some elevated levels immediately above the
trenches which were filled during the final 24 months of disposal operations. This is in agreement with disposal
records, which indicate that greater amounts of fission products were disposed in this period. The surface dis-
tribution of 23°+24°py is also consistent with the disposal documents. Although there is extensive evidence of a
mobile tritium plume in groundwater, migration of the other radionuclides by this pathway is limited. The data
highlight the importance of taking into account multiple pathways for the mobilisation of key radioactive
contaminants at legacy waste trench sites.

Sites for such facilities were not necessarily carefully chosen or well-
characterised before disposals commenced, with operational conve-
nience often a deciding factor. The construction of these trenches varied;

1. Introduction

The common approaches to managing low-level radioactive wastes

in the decades following World War II often involved disposing wastes
into shallow trenches. Numerous trench facilities have been reported in
various countries, with examples including Maxey Flats in the United
States (Cleveland and Rees, 1981), and the Chalk River site in Canada
(Jackson and Inch, 1983). These sites were typically used for wastes
arising from nuclear facility operations, but they were sometimes
established following accidents, such as the trenches in the vicinity of
the Chernobyl area which contain debris from the 1986 reactor accident
(Bugai et al., 2012; Levchuk et al., 2012). These trench disposal sites can
be collectively referred to as ‘legacy trench sites’.
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some were engineered but others were simply excavations into the soil,
often without adequate waste packaging. In many countries, the stan-
dards of regulatory supervision during the period of operation were
inadequate and were subsequently increased following investigations of
the performance of these types of disposal sites (INEL, 1994; Takamura
et al., 1984).

Such legacy trench sites often share characteristics which make them
particularly problematic from a management viewpoint, such as a lack
of clear ownership and responsibility, insufficient regulatory control,
and missing information on site history, site layout and disposal
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processes. The radionuclide inventories are generally poorly quantified,
and the plumes may be uncharacterised in terms of both the nature and
extent of contamination. Furthermore, trench sites differ in terms of
their contents, design, operation and geologic setting and are typically
highly heterogeneous, containing a wide variety of wastes. For these
reasons detailed studies of such sites are warranted and the International
Atomic Energy Agency (IAEA) has promoted an international effort to
compare legacy sites in various countries to evaluate the types of man-
agement strategies that may be justified and the factors which may
differentiate sites requiring remediation (IAEA, 2017).

Legacy trench sites are located across the world, including some
countries without major nuclear programs or power generation capa-
bilities. One example is the Little Forest Legacy Site (LFLS) on the
southern periphery of Sydney, Australia, where low-level radioactive
wastes were disposed by burial in closely spaced unlined trenches be-
tween 1960 and 1968. A previous paper discussed the distribution of
plutonium in surface soils and groundwater at this site, and described a
process known as the ‘bathtub’ effect which has been implicated in the
mobilisation of actinides (Payne et al., 2013), and occurs when the
former trenches become filled with water during intense rainfall events.
Furthermore, a groundwater plume of tritium has been delineated
(Hughes et al., 2011). In recent years, the Australian Nuclear Science
and Technology Organisation (ANSTO) has been implementing a
detailed scientific study of the status of the LFLS (Payne, 2012) with the
ultimate aim being to evaluate possible management options for the site.

In this paper we discuss recently collected data for a broad suite of
radionuclides (3*°+240py, 241Am, 1%7¢s, %0Sr, °Co and 3H) in both soil
and water samples, and investigate various potential migration mecha-
nisms, including groundwater transport and the bathtub effect. We will
review the status of knowledge regarding the distributions of radionu-
clides at the site and their relationship to historic information such as
disposal records. We will also discuss the mechanisms of radionuclide
migration and the tendency of each radionuclide to be transported by
particular pathways.

2. Site description

The LFLS is situated near the city of Sydney in eastern Australia. It
occupies a site on the northern edge of the 1.6 km radius buffer zone
around the location of the former HIFAR Research Reactor at Lucas
Heights, which operated between 1958 and 2007. The trenches were
filled sequentially from 1960 until the cessation of disposal operations in
1968. The waste disposed in the trenches included contaminated items
from the operation of the Lucas Heights research facility, chemicals,
disused equipment, laboratory trash, sludge drums, and beryllium
wastes (Payne, 2012).

One of the main factors for site selection was the proximity to the
facility which generated the majority of the waste disposed in the
trenches, however the specific location was chosen so that the trenches
were excavated in the surface layers within a lens of shale (Payne,
2015). This was considered to be more favourable for radionuclide
retention than the prevalent sandstone geology of the area. The trenches
were nominally 25 m long, 0.6 m wide and 3 m deep, and spaced about
2.7 m apart. The climate of the site is described as warm temperate with
average annual rainfall of 1013mm and average evaporation of
1600 mm (Hughes et al., 2011). However rainfall is strongly episodic
and the site is subject to very intense precipitation over short periods. A
detailed account of the geology and groundwater hydrogeochemistry
has described the general characteristics of the site (Cendon et al., 2015)
and provides a context for the radionuclide distribution data presented
herein. The geophysics and geology of the site was discussed by Hankin
(2012).

There are substantial records of the disposal operations, however, in
common with many other disposal sites of this period, the records are
incomplete. The data for different radionuclides were not individually
recorded, and interpreting the records presents major challenges. For

Journal of Environmental Radioactivity 211 (2020) 106081

example, disposals of °°Sr and *’Cs were not differentiated and were
generally reported among a category described as ‘mixed fission prod-
ucts’. Furthermore, the radionuclide content of some disposed items was
not evaluated or recorded, including numerous drums of sludge from a
waste treatment plant (Payne, 2012). Despite the shortcomings of the
waste characterisation and disposal records, they provide some valuable
information for the interpretation of environmental radionuclide
measurements.

There have been significant changes in land use around the LFLS
since the cessation of radioactive waste disposal operations, with major
industrial waste, sewage disposal and municipal landfill facilities being
operated in the vicinity. The LFLS has been fenced and secured, and has
been the focus of ongoing maintenance, surveillance and monitoring
(Payne, 2012). The regular environmental monitoring, which has
focused on the groundwater pathway, has not detected any off-site
radionuclide migration, other than tritium, from the wastes buried at
the site. Following the detection of surface contamination above the
trenches in the early 1980s, the trenched area was covered with an
additional layer of soil (AAEC, 1985). Further additions of soil have
occurred on other occasions to address subsidence of the site, although
detailed records are not available. Monitoring of gamma radiation
within the trench area, at a height 1 m above ground-level, consistently
indicates no significant difference from background levels (Hoffmann
et al., 2008).

3. Methodology
3.1. Groundwater sampling and analysis

Groundwater samples were obtained from wells recently installed
during the current research project, in addition to wells in the existing
sampling network installed for regular environmental monitoring
(Hoffmann et al., 2008). The locations of the sampling wells discussed in
this paper are shown in Fig. 1a. The wells typically sample groundwater
from depths between 2 m and 4 m, although some older wells were not
screened to sample water from specific depths. Full details of the con-
struction and screened intervals of the sampling wells were reported by
Hankin (2012).

An additional water sampling point was installed into a former waste
trench when the soil cover above a trench collapsed in August 2011
(shown as ‘trench-sampler’ in Fig. 1a). This sample location provides
water extracted from within the trench, which contains significant
amounts of actinides including plutonium (Payne et al., 2013). The vi-
cinity around the trench sampler appears to be a source of surface
actinide contamination from previous bathtubbing events. Fig. 1b shows
an expanded view of the trenched area with surface contour lines
indicated.

Groundwater samples were obtained using plastic tubing and a
peristaltic pump. Field parameters were measured using an in-line flow
cell with a portable multi-probe system (YSI 556 MPS) with pH/ORP,
conductivity/temperature and DO sensors. The sampling wells were
pumped until field parameters were constant prior to sample collection.
All waste-water generated during sampling was collected, removed from
the site and disposed of through ANSTO’s waste management system.
Unless unfiltered samples were of interest, water samples were filtered
using an inline filter (Waterra 0.45pm pore-size). Samples were
collected and acidified to pH < 2 with nitric acid for subsequent radio-
nuclide measurement. For groundwater samples, 10L of water was
generally collected for radiochemical analysis, however for more active
samples 100-500 mL was sufficient.

All radiochemical analyses were undertaken using standard separa-
tion and measurement techniques, followed by alpha spectrometry
(actinides), gamma spectrometry (**’Cs, %°Co) or liquid scintillation
counting (°H and °°Sr), with purification and counting techniques as
described in Harrison et al. (2011) and Hughes et al. (2011).
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Fig. 1. (a) Map of the Little Forest Legacy Site (LFLS) showing water sampling points and (b) Aerial view of the trench area showing coreholes and surface contours.
The rectangles show the two trenched areas, which are separated by a narrow gap a few metres across. The arrow on the left of panel (b) shows the location of a line
of coreholes (CH1 to CH6) adjacent to the trenches for which depth profiles are presented in this paper. CHla was an additional hole drilled adjacent to CH1. The

irregular shape around the site in part (a) is the perimeter fence.

3.2. Soil sampling and analysis

Surface soils were collected with a 50 mm diameter push-tube
sampler, which obtains a sample of approximately 500 g from the top
10 cm of soil. The sampling points discussed in this paper include the
locations described previously (Payne et al., 2013), with numerous
additional samples being obtained. The final set of samples included
locations in circles at a radius of 1 m and 3 m from the trench sampler,
and samples taken at 6 m and 10 m distance in the downhill direction
from the trench sampler. Samples were obtained along two transects
away from the trenched area down the hill-slope towards an ephemeral
creek, which receives surface run-off from the site. Numerous samples
were taken above the trenched area, particularly focusing on sites near
the ends of the trenches. Further samples were obtained from sites
within the perimeter of the fenced area (Fig. 1a), near two additional
disposal trenches S1 and S2 located away from the main trenched area,
and in the vicinity of a (now demolished) storage building, located at the
south-west corner of the site, which was used for the storage of more
active samples while their short-lived activity content decayed. Some
waste drums were also stored in this area prior to burial. (The locations
of all surface soil samples are shown in the Figures in the results section).

Drilling above or into the trenches has not been performed, due to
the risk of disturbing buried objects and waste sources. Therefore, soil
profile samples were obtained for a line of coreholes CH1, CHla, CH2,
CH3, CH4,CH5 and CH6 immediately adjacent to the trenched area, as
well as CH30 which is located between the two sets of trenches (Fig. 1b).

The CH1-CHS6 transect is shown in cross section in Fig. 2. At the left of
the diagram is the most southerly of the trenches in the western block
(Trench 52). The purpose of sampling from this transect was to assess the

extent of subsurface migration from the trenches into the surrounding
near-surface layers, particularly the former topsoil and surface cover
layers (Fig. 2). Corehole CH30 is located between the trenches as shown
in cross section (Fig. 3). The depth and spatial extent of the cover layer
above the trenched area are not precisely known.

As described in detail by Hankin (2012), these coreholes were drilled
using direct-push coring which enabled the retrieval of intact cores.
However, this technique was only possible until the depth of ‘practical
refusal’, which was variable depending on the specific location. Where it
was required to extend the holes deeper, they were subsequently
over-drilled with a 125mm solid flight auger. During this process
additional samples were obtained by retrieving soils and fragmented
materials from the auger flight.

The corehole and surface soil samples were oven dried at 60 °C to
constant weight. Corehole samples were more consolidated than surface
soils and were gently disaggregated with a mortar and pestle. All soil
samples were sieved through a 2 mm mesh, riffled and split, and ground
in a ring mill using a carbon steel grinding head. Subsamples of the soils
were leached using boiling aqua-regia reflux prior to radiochemical
separation and alpha source preparation (Harrison et al., 2011).
Following the sample pretreatment, radiochemical analyses were un-
dertaken using the standard separation and measurement techniques
described above.
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Fig. 2. Schematic cross section of the transect from CH1 to CH6. This is a transect moving away from the former trenches with CH6 located approximately 15 m from
the nearest trench. The depth and spatial extent of the surface cover layer above the trenches is not exactly known. There is a slight slope from left (north) to right
(south). CH1 and CH1a are adjacent to each other.
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Fig. 3. Schematic cross section of the vicinity of corehole CH30. This is located on the trenched area between the two sets of trenches. The trenches are orientated
from west to east and only the ends of the trenches are shown in the above Figure. Note that the exact depths of the cover layers are not precisely known (see text).
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4. Results and discussion
4.1. Concentrations of radionuclides in surface soils

4.1.1. Actinides (***+*%py, >*1Am) in surface soils

The distribution of 23°*24°py in surface soils, measured by alpha
spectrometry, is shown in Fig. 4. Note that alpha-spectrometry is not
able to resolve these two Pu isotopes and they are counted together and
referred to as 23°+240py, The data supplement our previous results for a
smaller data set (Payne et al., 2013).

The Pu data confirm that there is a significant source of Pu
contamination in the trenched area, with the most highly elevated
concentrations observed at the southern end of the second (western) set

A13150 313]200 3 3.250 3l3‘300
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of trenches. This location is near the trench sampler, where significant
levels of both Pu and Am have been detected in samples of trench waters
(Payne et al., 2013). The peak of Pu activity in surface soils in the vi-
cinity of the trench sampler is several orders of magnitude above typical
background concentrations in the area, attributable to fallout, which
range from 0.02 Bq/Kg to 0.52 Bq/Kg (Smith et al., 2016). As will be
discussed in more detail below, the Pu distribution in environmental
samples at the site is consistent with the known locations of Pu disposals.

There is some evidence for contamination of Pu down the hillslope
from the trenched area to the south-east, with several elevated Pu
measurements in surface soils obtained just off the trenched area in this
direction. There is a possibility that subsurface flow through the soil
layers above the trenches impacts this set of samples (shown
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Fig. 4. Distribution of 23°*24°py in surface soils at the Little Forest site. The panel on the right hand side expands the area near the trench sampler (indicated by +).
The main trench areas are shown in grey, with the two remote trenches S1 and S2 some distance away. The temporary storage building was located at the south-west

of the site.



T.E. Payne et al.

predominantly in orange in Fig. 4). This possibility is considered further
below when depth profiles are discussed. However, the 23°+24°py values
in the majority of samples from elsewhere on the perimeter of the
trenched area are not significantly elevated, represented by deep blue in
the figure (<0.4 Bq/Kg).

Another noticeable feature of the data is some samples with elevated
Pu concentrations in the vicinity of trenches S1 and S2, indicating
possible disposals of Pu-contaminated items in these trenches. The
disposal records are not conclusive on the contents of individual
trenches, however, there is evidence that a glovebox from a laboratory
which handled actinides was disposed in trench S1. One sample ob-
tained near the temporary store in the south west of the site area exhibits
a slightly elevated Pu concentration, however this area generally ex-
hibits low Pu levels (radioactive items were stored both in and around
this building during the 1960s).

Journal of Environmental Radioactivity 211 (2020) 106081

The distribution of > Am in surface soils at LFLS (Fig. 5) is similar to
that of 23+240py, with the highest 2! Am concentrations being in the
vicinity of the trench sampler. Similar to 23°+24%py, the 2*'Am distri-
bution exhibits a slight increase in the vicinity of trenches S1 and S2, but
is relatively low (<0.5 Bq/Kg) in most samples taken around the pe-
riphery of the trenched area, except for the sample locations immedi-
ately to the south-east adjoining the trenched area.

Although the disposal of 2! Am was rarely reported at LFLS during
the years of operation, it was probably present in all the samples which
were heavily contaminated with plutonium, due it its ubiquitous pres-
ence in plutonium derived from irradiation of fuel in a reactor. It is likely
that the inventory of 2*'Am was derived from the 2! Am present in the
disposed plutonium at the time of disposal, significantly supplemented
by decay of 24'Pu in the years since disposal. A similar origin of 2*'Am (i.
e. derived from ?*'Pu) has been postulated at the Hanford site, where the
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Fig. 5. Distribution of 2*!Am in surface soils at the Little Forest site.
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disposed activity of 2*'Pu was reported to be in excess of that of 23°Pu
and 2*°Pu combined, even after several decades had elapsed since
disposal (Cantrell and Felmy, 2012). The similarity of >*'Am and
239+240py distributions at LFLS may also be related to the chemistry of
these actinides, particularly when they share the +3 oxidation state. The
oxidation state and speciation of Am and Pu in trench water at the LFLS
site has been investigated in detail (Ikeda-Ohno et al., 2014), with
thermodynamic calculations indicating a trivalent oxidation equilib-
rium state for both actinides in the LFLS trench water.

The environmental mobility of Pu is influenced by its ability to
simultaneously occupy multiple oxidation states, be strongly complexed
with natural and co-disposed organic compounds, as well as its pro-
pensity to interact with colloids and form intrinsic colloids at higher
concentrations ((Choppin, 2007; Kersting, 2013)). The mobilisation of
Pu from the LFLS trenches appears to be related to complex interactions

313200 313250 313300
1 1 1
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between the influx of oxidising groundwater during intense rainfall
events followed by extended period of more reducing conditions, during
which microbial activity affects the distribution of both actinides and
other redox sensitive elements such as iron (Vazquez-Campos et al.,
2017). The mechanism limiting the down-hill mobilisation of Pu and Am
has not been completely resolved, but it is likely to be due to the for-
mation of strongly sorbing Fe(III) oxides in the vicinity of the LFLS
legacy trenches (Kinsela et al., 2016) as well as the substantial affinity
for Pu and Am binding to sediment surfaces (Emerson et al., 2019;
Lujanieneé et al., 2012).

4.1.2. Fission products ®°Sr and '¥Cs) in surface soils

The distribution of 13’Cs in the shallow surface soil samples at the
LFLS is shown in Fig. 6. The values are all quite low and are comparable
to, or possibly below, fallout values for surface soils (from nuclear
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weapons testing), which in this area might be expected to be similar to
those reported by Smith et al. (2016) for the Sydney Basin (in the range
0.6-26.1 Bq/Kg). As such, there is little evidence for contamination of
the soil surface by 137Cs. However, a close examination of the data shows
that the 1%7Cs activities above the trenched area are generally lower than
those away from the trenches. The '37Cs activities in the vast majority of
samples from the trenched area are <1.5 Bq/Kg, indicating that the level
of 1¥7Cs s comparable to detection limits, and lower than fallout (Fig. 6).
It should be recognised that the majority of fallout in Australia was
derived from nuclear weapons tests during the 1950s and 1960s. This
means that any fallout which deposited on the LFLS site has probably
been disturbed by human activities at the site, and in particular, the
fallout signal has been removed from the trenched area, which was
excavated and covered in soil both during and subsequent to disposal
operations. It is likely that the fill dirt added both during and after

313200 313280 313300
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operations was depleted in fallout, given that the fill materials would
have been obtained from below the immediate surface layer of soil.
There is a single elevated measurement of *’Cs in the vicinity of the
final trench filled (Trench 77), which can be explained on the basis of the
disposal records (discussed below).

The distribution of °°Sr in surface soils (Fig. 7) resembles that of
137Cs. Similar to '%’Cs, the trenched area is not generally elevated in
995y, but there are some higher measurements in the vicinity of the final
trenches filled. Also, °°Sr appears to be slightly elevated near the trench-
sampler (inset to Fig. 7). The elevated concentrations of *°Sr are more
numerous than was the case for 13’Cs, hence it appears likely that *°Sr is
more mobile at the LFLS site than ¥ Cs. The activity of *°Sr in fallout has
been estimated as being approximately 60% of that recorded for '*’Cs
(Mietelski, 2010). On this basis (and considering the published 137¢cs
data of Smith et al. (2016)), fallout 90sr concentrations in these soils of
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up to 15-20 Bq/Kg are possible. However, the estimate of *°Sr based on
the most similar samples, in terms of particle size range and geographic
proximity reported in the study of Smith et al. (2016), would probably
be below 4 Bq/kg. Furthermore the °°Sr signal from fallout may be
significantly decreased by leaching from the soil. These considerations
make it difficult to ascertain which points depicted on Fig. 7 might be
considered as possibly impacted by the disposed waste. It appears that
the only significant cluster of elevated °°Sr concentrations is in the
surface soils above the final few trenches filled. However, there is also a
set of elevated readings around the edges of the trenched area, which
may be related to flow through the surface layers above the trenches
(discussed below).

4.1.3. Correlation of radionuclides in surface soils with disposal records

As has been demonstrated in the preceding sections there is strong
evidence for 22°724%py and 2*'Am contamination of surface soils in the
vicinity of the ‘trench sampler’, which is located in the southern end of
the second set of trenches, among trenches which were filled in 1966
(Fig. 4). Similarly there are a few surface soil samples with elevated 9Ogr,
mostly near the final trenches (disposals stopped in 1968), with one of
these samples also exhibiting a higher 1*’Cs signal (Figs. 6 and 7).

As part of our investigations into the LFLS, a significant effort has
been expended into compiling the disposal records (Payne, 2012).
Fig. 8a shows the quantities of plutonium disposed (grams per year) and
of reported ‘Group II’ activity (Group II was a designation that included
mixed fission products, such as 90gr and 137Cs).

Disposals of plutonium peaked in the later part of 1965 and 1966. As
shown in Fig. 8b, the eastern set of trenches was filled from 1960 to
1965, with the remaining trenches being subsequently filled from 1965
until 1968. The records therefore place the main disposals of Pu in the
southern most part of the western set of trenches. Although 2*!Am dis-
posals were not specifically recorded, they would be expected to have a
similar distribution to that of 239240py, Therefore, the plutonium (and
241am) detections in surface soils at the southern end of the second
(western) set of trenches are consistent with the yearly Pu disposal re-
cords and the order of filling the trenches. There is also a possibility that
accidents and leakages during disposal operations may have led to
radionuclide contamination of the surface soil layers at the site. For
example, it was reported that numerous waste drums stored at the site in
1963 were deteriorating and susceptible to leakage during handling
(Bonhote, 1964). Many of these drums were eventually buried in the
trenches.

The records for disposals of Group II activity show a different pattern
to the actinides. There was a large peak in disposals at the end of
disposal operations Fig. 8a). This corresponds to the burial of a large
number of higher activity items which had been stored (in the storage
building) while the short-lived radionuclides decayed. Furthermore, it is
believed that disposals were accelerated in this time due to pressure
caused by the upcoming cessation of disposals. The history of disposals is
therefore reflected by the distributions of *°Sr and '¥’Cs in LFLS surface
soils. In summary, it can be stated that the local elevations of plutonium,
as well as of °°Sr and '*”Cs in surface soils, can be explained on the basis
of the historical disposal records. In addition, leakages and accidents
may also have contributed to the observed distributions of radionuclides
at the site.

4.2. Depth profiles of radionuclides

4.2.1. Depth profiles of actinides (239+240Pu and 241Am)

The Pu depth profiles were obtained for the CH30 location within the
trenched area and a closely spaced transect just off the trenched area
(CH1 to CH6). The locations and depths of these coreholes are shown in
cross section in Figs. 2 and 3. The corehole CH30 is located between the
trenches in close proximity to the ‘trench sampler’, an area where sur-
face soils exhibit elevated Pu concentrations (Fig. 4). This area has been
substantially impacted by the addition of excavated trench soils during
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the operational period and also by subsequent addition of surface layers.
These layers were added to address surface contamination by radionu-
clides in the 1980s (AAEC, 1985) and more recently to level the site and
address subsidence.

The distribution of Pu at CH30 shows two strongly delineated peaks
in the surface layers, the first at 20-30 cm and a second at 70-90 cm
below the current ground surface (Fig. 9). The peaks may represent
subsurface movement through more permeable layers above the trench,
either through (now buried) shallow surface soils that pre-date the
trenches, or through the disturbed layers added during and subsequent
to the disposal period (see Fig. 2). Another possible explanation is that
the peaks are preserved remnants of previous surface bathtubbing
events which have subsequently been buried by additional surface
layers. This is more likely in the case of the shallower of these two layers,
as the addition of 20-30 cm of soil since the bathtubbing event in the
early 1980’s would be consistent with documentary evidence (AAEC,
1985; Hankin, 2012). The deeper of the two contaminated layers (at
70-90 cm) may be the result of ongoing migration through the disturbed
surface layers which resulted from the disposal operations.

The Pu profile (Fig. 9) shows that the major peaks of Pu contami-
nation in the surface layers of CH30 greatly exceed any Pu detections at
deeper depths in the same corehole. However, the CH30 data also show
a broad elevation in Pu concentration across all depth ranges below 2 m.
This broad peak is more than two orders of magnitude below the activity
of the 23°72%0py peak at the shallower depths. Furthermore, when
interpreting this data, it needs to be taken into account that the samples
from depths below 2 m were retrieved from augering, rather than being
intact samples obtained by direct push (‘practical refusal’ in this bore-
hole occurred at 2m depth). Augering is not a controlled method of
sample retrieval and it therefore appears likely that the auger became
contaminated by the elevated Pu in the shallower soils during insertion
and removal from the hole. Thus, we interpret the apparent diffuse
subsurface peak at depths greater than 2 m in CH30 with caution, due to
the method of sample collection.

The results for the CH1 to CH6 transect samples (Fig. 9) showed a
much lower level of 239+24%py contamination than CH30. However, the
CHla borehole, which is within a few metres of the nearest trench,
shows Pu peaks within the top 100 cm at similar depths to the peaks in
CH30. This provides evidence of some subsurface movement of Pu
beyond the trenched area in this direction. Although the depth of the
trenches is from approximately 100 cm-300 cm below the original
ground surface, there was no conclusive evidence of migration of
elevated levels of 23°7240py at these depths beyond CH1a. This suggests
that the subsurface groundwater pathway, which is responsible for sig-
nificant transport of tritium (discussed further below) is not a major
pathway for plutonium movement away from the trenched area. In the
shallow layers (<20 cm), the 239+240py; content of the cores of the CH1 —
CH6 transect exhibits a clear decrease with depth. Although this re-
sembles a fallout profile at an undisturbed location, 23°+24%py concen-
trations are over an order of magnitude higher than fallout in the Sydney
basin and the site was subject to excavation and disposal operations
across the maximum fallout time period (1950s and 1960s). Therefore, it
is likely that at this location the surface soils were contaminated either
during operations or following dispersion of contamination from the
nearby trenched area.

A comparison of the CH1a profile and that of CH30 shows there is no
broad Pu peak in CH1a below 220 cm in depth. This is partly attributed
to the fact that the entire CH1a core was obtained by direct push coring,
and augering was not used to obtain any samples in this profile. As a
result, the potential contamination from shallower depths was avoided
in CHla. Additionally, a comparison of CH1 and CH1a profiles shows
that the Pu peaks which are evident at shallow depths in CH1a are not
well delineated in CH1. This is attributed to the lower sampling fre-
quency used in CH1 which apparently resulted in the narrow peaks
being missed when CH1 was sampled. This example shows the impor-
tance of high frequency sampling to obtain accurate depth profiles. It
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Fig. 8. (a) Disposal information of plutonium and group II activity (which included mixed fission products) at the Little Forest site for each year from 1960 to 1968
(b) Order of filling of trenches and location of trenches filled in each year, superimposed on on original AAEC plan of the trenched area. Note the activity disposed
during 1965 is split into two parts (1965a and 1965b), which were disposed in different sections of the trenched area. The locations of the elevated 23°+240py, 157¢Cs
and °°Sr in soil samples show a good correlation with the records.
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Fig. 9. Depth profiles of 23°*24°py in corehole soils.

may also reflect that the distribution of Pu in the soils is highly het-
erogeneous and there are slight differences between the CH1 and CH1a
profiles despite their close proximity.

The depth profiles for 2! Am (Fig. 10) in the transect profile (CH1 to
CH6) are very similar to those of 23°+24°py, The CH30 profile shows
marked 2! Am peaks in similar depth ranges to the Pu peaks. The peaks
of 2 Am in the shallow depths of CH30 considerably exceed 24! Am both
at deeper levels in CH30 as well as in the CH1 to CH6 transect. However,
there is some evidence of migration of 2*'Am at the level of the base of
the trenches (~320 cm) in the CH1 sample, and particularly, in the
nearby CH1a profile. This slight elevation of ?*'Am does not extend as
far as CH6. Similar to the Pu, there is a broad peak in the deeper samples
from CH30 (apparent in Fig. 9) which is attributable to the method of
obtaining the deeper cores from this location.

The similarity in the distribution of 241Am and 239+240py appears to
be due to the similar source terms and migration mechanisms of the two
actinides, and the fact that the 2! Am is probably partly formed in situ
from p-decay of 2*'Pu. 21 Am was likely present in the waste at the time
of disposal due to radioactive decay of the parent radionuclide, 2*'Pu.
Although never quantified nor recorded in disposal records, 2*'Pu may
well be ubiquitous in disposed Pu as a result of neutron capture on 2*°Pu
during irradiation.

Am (Ba/kg)

10 100
0 ] 1 1
100 ;
E 200
o)
=
8.
8 300 —e— CH30
—a— CH1
—a— CH1a
0 o —o— CH2
ety CH5
—»— CH6
500

Fig. 10. Depth profiles of 2! Am in corehole soils.
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4.2.2. Depth profiles of fission products (**’Cs and *°Sr)

The depth profiles of 1*’Cs (Fig. 11a) have some minor differences to
those of the actinides previously discussed. While the CH30 profile for
137Cs shows a similar distinct peak at 70-90 cm (as was found for the
actinides), the corresponding peak at 20-30 cm is almost absent. This
may be because there has been little mobility of 3’Cs into this section of
the cover layers. However, it may simply also reflect that the peaks in
the CH30 profile result from specific buried sources which are hydro-
logically upgradient. It is unlikely that any contaminant plumes in these
layers would be uniform in direction and homogeneous, so the absence
of a'¥Cs peak at this depth in CH30 does not necessarily imply there is
no '¥’Cs at this depth elsewhere within the site.

Some of the CH1 to CH6 transect samples, located just away from the
trenched area, show a small peak at the surface. This is most likely
caused by '*’Cs particles being washed out by a surface transport
pathway from the nearby trenched area (although it cannot be totally
excluded as being related to fallout). Surface transport is also postulated
as a mechanism of movement of actinides down the hillslope, respon-
sible for the dispersion of actinides across the ground surface. However,
in general the amount of '*’Cs surface contamination is relatively small.

There are two peaks of *°Sr in the depth profile of CH30 (Fig. 11b),
with the upper peak being greater. These peaks are somewhat broader
than was the case for 1*’Cs and the other radionuclides. Thus, we can
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Fig. 11. Depth profiles of fission products (a) '*’Cs and (b) ?°Sr (for
CH30 only).
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conclude that ®°Sr is comparatively mobile in the near surface layers and
that the peak has spread vertically to a greater extent. All measurements
of °%Sr in the CH1 to CH6 transect were below minimum detectable
activity (MDA) values, however due to the less sensitive measurement
methods for this radionuclide, it is not possible to rule out mobility of
905y through this transect.

In general it would be expected that °°Sr would be more mobile than
137Cs as the distribution coefficients for °°Sr retention by soils are
typically much lower than corresponding values for 13”Cs (Sheppard and
Thibault, 1990; Twining et al., 2004), The immobility of '*’Cs in this
environment would be consistent with the clay dominated shale layers
and soils in this area, which are favourable for Cs sorption (Cornell,
1993).

The radionuclide data for the fission products in the uppermost cover
layers, within approximately 1 m from the ground surface, provide
additional evidence that these layers facilitate the subsurface transport
of radionuclides (which is also demonstrated by the subsurface peaks of
the actinides 23°t240py and 241Am). Movement of radionuclides through
these layers, with emergence at the ground surface at the edge of these
added layers (see Fig. 2) is also likely to be responsible for the elevated
local concentrations of 23°+24%py, 221 Am and °Sr just beyond the south-
eastern corner of the trenched area (Figs. 2, 3 and 5, respectively).

The core logs reported in Hankin (2012) mention the presence of fill
materials in coreholes above the trenched area, however, it is difficult to
delineate the depth and spatial extent of the added surface layers at
LFLS. This is because these layers are mainly composed of fill excavated
from the trenches and then placed above the wastes, which means that
they are chemically and mineralogically similar to the underlying layers.
The radionuclide peaks found in the upper layers may be attributable to
pathways arising from the physical processes of excavation,
re-emplacement, ground levelling and possibly compaction. In addition,
the uppermost layer is also probably impacted by the addition of soil
from local sources applied during top-dressing of the site in the 1980s
and subsequently to address subsidence and bathtubbing events.

4.2.3. Depth profile of ®°Co

Significant amounts of the short lived activation product ®°Co (half-
life 5.3 years) were disposed during the operational period of the Little
Forest site. This was partly due to the irradiation of samples using *°Co
sources which were operated at the AAEC site in the 1960s. These ac-
tivities led to %°Co being one of the major contributors of the original
inventory of activity. In the years immediately following the cessation of
disposals, it was one of the most commonly detected radionuclides in
environmental samples, with detections in groundwater close to the
trenches and also in vegetation growing above the trenches during the
1970s (AAEC, 1985). Several decades have now elapsed since disposal
operations, which means that the ®°Co has decayed to a fraction of its
original activity (<0.2% over 50 years), and is rarely detected in envi-
ronmental samples. There is a subsurface peak of %°Co in the CH30
profile (Fig. 12), which occurs at a deeper level than for the radionu-
clides discussed above (**'Am, 237230py, 137¢s, %0gr). This depth is
more likely to be more continuously saturated, than shallower depths
which only become saturated during elevated rainfall periods, when the
water level in the trenches rises higher. The reasons for the difference
between the depth profiles of 60Co and the other radionuclides are un-
clear but may be related to different trench water chemistry (more
reducing conditions) when the water levels are lower, which is known to
impact the mobility of radionuclides in the system (Ikeda-Ohno et al.,
2014).

The %°Co migration mechanism therefore appears to be more similar
in character to that of tritium than the other radionuclides considered
here. The migration of cobalt can be enhanced by organic complexes
(Collins and Kinsela, 2010) which have also been implicated in Pu
mobility at LFLS (Rowling et al., 2017). Whilst the reasons for the dif-
ferences between ®°Co and the other radionuclides are not entirely clear,
the distinctive behaviour of this radionuclide shows how different
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Fig. 12. Depth profile of ®°Co showing evidence of horizontal movement
around 150 cm depth.

pathways may be dominant for the various radionuclides. The different
behaviour of °Co underlines the complexity of fully understanding the
system at LFLS and the necessity to evaluate multiple possible migration
pathways.

4.3. Radionuclides in groundwater

The measured concentrations of radionuclides (other than tritium) in
LFLS subsurface water samples are typically very low, in most cases
bordering on detection limits, even for samples gathered within or near
the trenched areas. This creates difficulties in generating contour dia-
grams of the data (as was done for the tritium data by Hughes et al.
(2011)) because the data interpolations do not converge. However,
despite the inherent challenges in measurement and interpretation of
very low values, it is important to establish whether or not there is
significant migration of radionuclides in LFLS groundwater.

To assess the groundwater data for 239+240py 241am 905y and 1%7Cs,
we therefore compared their distributions to the tritium data. As dis-
cussed by Hughes et al. (2011), the contour mapping of the tritium data
results in approximately concentric circular contours originating from
the trenched area. Although there are some preferential directions, the
location of the site on a local high point causes tritium to generally
spread out radially rather than in a linear fashion (ground level contours
are shown on Fig. 1b). Therefore, to a first approximation, the trenched
area can be considered to be a point source (although a relatively large
and heterogeneous one). This provides a method for presenting the data
for the other radionuclides and comparing them with the tritium data.

Thus, we selected a ‘zero’ (origin) of distance at the centre of the
trenched area, located at the coordinate position 313275 m (east) and
6232000 m (north). This position is very close to the location of bore-
hole MB16 (Fig. 1), which consistently has given amongst the highest
readings of radionuclides in groundwaters at the site. We then deter-
mined the distance of all other sampling wells from this origin, using
borehole coordinates mapped by GPS. This method provided simple
plots of all data as a function of distance from the approximate centre of
the trenched area (as shown in Fig. 13).

We first consider the results for tritium, as the characteristics of
tritium movement at the site are well understood. Fig. 13a shows the
average of groundwater tritium data (for the period 2003 to 2008)
which were tabulated in Hughes et al. (2011) arranged by distance from
the origin (multiple measurements were made at each sampling point).
This has been supplemented with a second tritium data set from 2009,
which was taken in conjunction with measurements of the other ra-
dionuclides shown in the figure. Similarly, Fig. 13b shows tritium data,
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and that for other radionuclides, for samples obtained during sampling
campaigns in 2010 and 2011. It can be seen that in all these cases, there
is clearly an elevation of tritium near to the origin with a gradual decline
moving away from this point. The trenched area extends for approxi-
mately 50 m from the distance origin and therefore all the data points for
distances below 50 m were obtained between, or close to, the trenches
(e.g. boreholes MB15, W9, W10 or CH30, see Fig. 1a). From approxi-
mately 50 m-200 m away from the centre of the trenched area on this
distance scale, the tritium activity concentrations decrease in a fairly
systematic fashion, as is expected when moving away from a point
source of contamination, with all data sets showing consistent tritium
trends.

The simplified approach used in Fig. 13 is helpful in interpreting the
data for the other radionuclides. Whilst a few samples close to the dis-
tance origin show slightly elevated levels of the actinides (**'Am,
239+240Pu), the concentrations of these radionuclides outside the
trenched area (>50 m from the distance origin) show virtually no spatial
trends. In particular, the regular decrease exhibited in tritium concen-
trations is absent. It should be noted that many of the measurements are
close to detection limits.

While many measurements were at, or barely above detection limits,
it would be reasonable to question why any of the data points showed
any measurable amounts of actinides. However, it needs to be taken into
account that the LFLS is a contaminated site with multiple potential
radionuclide sources. Furthermore, some contaminated samples are
many orders of magnitude above background and well in excess of
detection limits. This means that multiple sources may contribute to the
data at any given location, including surface water flow from the main
trenched area, particles transported during heavy rainfall events,
contamination (e.g. accidents) which may have occurred during
disposal operations, and/or airborne particles, as well as fallout. An
illustrative example is the Pu data obtained for MB13 groundwater
(shown with arrows in Fig. 13a and b). This location is adjacent to one of
the isolated disposal trenches (S2), see Fig. la, which constitute an
additional radionuclide source separate to the main trenched area.
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Hence, there is a plausible reason for the elevated Pu in groundwater at
this location (a similar elevation in soil Pu levels near the S1 and S2
trenches was discussed above). All the remaining Pu data points outside
the trenched area exhibit no apparent distance-related trends.

All ¥¥7Cs measurements were below MDA for *7Cs (~0.01 Bq/L) and
60Co was not detected in any groundwater samples. Therefore, data for
these radionuclides are not shown in Fig. 13.

905y could only be definitively measured in a few water samples from
within the trenched area (Fig. 13), and was elevated in samples from
well OS3, located just away from the edge of the trenched area (Fig. 1a).
Although there were a small number of other detections outside the
trenched areas, these °°Sr levels were close to MDA limits for each
sample. The MDA for individual samples depends on factors such as
sample recovery and the sample mass available for analysis, and as such
is not constant. The typical individual sample *°Sr MDA is indicated by a
dashed orange line in Fig. 13. As can be seen, there is no strong evidence
that °°Sr measurements beyond the trenched area were above this value.

The low levels of 23°*24%py in LFLS groundwaters outside the
trenched area (typically around 0.1 mBq/L, see Fig. 13) are significantly
below those found in the water sampling point in the former waste
trench (Payne et al., 2013), which were approximately 5 orders of
magnitude higher (11.1-12.6 Bq/L in filtered water). They are also
much lower than the groundwater levels of 23°*240py reported in the
close vicinity of some Chernobyl trenches containing Pu contamination,
which were in the range 1-360 mBq/kg (Levchuk et al., 2012). The
greater migration reported in the latter case is attributable to the sandy
environment of the Chernobyl trenches, the greater source term, and the
smaller scale of the sampled region. Similarly the *°Sr groundwater
contamination in the vicinity of the Chernobyl trenches (in the range
4-4500 Bq/kg) is many orders of magnitude higher than the °°Sr
measured in any LFLS samples, including those taken from the sampling
points between the trenches.

The primary conclusion from Fig. 13 is that, unlike tritium, the
groundwater pathway has not been a significant migration mechanism
over decadal timescales for 239+240Pu’ 137Cs, 241Am, or, with somewhat
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less certainty, °°Sr. For these radionuclides, much higher levels of ac-
tivity are found in the soil profiles and surface soils.

5. Conclusions

The information gained from the detailed studies at LFLS provides
insights into the environmental mechanisms leading to their migration
at the site and will help inform the choice of remediation options. The
distributions of radionuclides at LFLS are a combination of their source
terms and their mobility, and are also impacted by events during the
history of the site, including past additions of surface layers. The work
described in this paper demonstrates some of the challenges associated
with environmental sampling of contaminated sites, in particular the
very large range of contaminant concentrations observed (which raises
issues of detection limits and potential cross contamination). In addi-
tion, limitations of available methods of site characterisation and sample
collection can complicate the interpretation of the data (for example, the
Pu data for the CH30 profile exhibited in Fig. 9). Nevertheless we have
assembled robust and comprehensive data sets which enable significant
conclusions to be drawn.

For both '%7Cs and °°Sr, the concentrations which have arisen
beyond the trenched areas are negligible and, even where elevated by
migration from the trenches, are not significantly above the range ex-
pected for environmental samples of the region due to fallout. The
highest level of both radionuclides in surface soils is within an order of
magnitude of fall-out values. In this respect, the data for the fission
products differ significantly from the measured 23°t24°py and 2*'Am
results, where the peak concentrations were several orders of magnitude
above expected fallout concentrations in surface and subsurface soils.
However, significantly elevated concentrations were generally limited
to the immediate vicinity of the trenched area, with a small contribution
attributed to overland particle movement during rainfall events. The
distributions of '3Cs, %°Sr, 2*' Am and 23°*24%Py in surface soils are most
highly elevated in close proximity to their known disposal locations
based on the preserved records. Although there has been evidence of
elevated ®°Co in some environmental samples shortly after disposal, the
60Go has mostly decayed and there is no evidence of ®*Co contamination
apart from within the subsurface layer in the trenched area.

The existence of subsurface peaks of contamination in the cover
layers above the trenches needs to be taken into account if the site is
remediated, as it may add to the volume of contaminated material which
would need to be re-disposed. This will depend on the level of
contamination relative to limits for disposal and the remediation strat-
egy. Further field measurements and experimental work will be required
to evaluate the different migration mechanisms.

In summary, the different radionuclides at the site exhibit different
patterns of mobility. Tritium is mobile through the groundwater
pathway, with some evidence for limited groundwater mobility of *°Co
and °°Sr. The actinides (241Arn and 239+240Pu) are dispersed by a
bathtub mechanism which brings them to the surface during sufficiently
intense rain events. There are also subsurface peaks of these radionu-
clides in the shallow cover layers above the trenches, which may be due
to subsurface flow or previous bathtubbing events. Elevated levels of
both *°Sr and 1%’Cs are found in these layers.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgements

The conferences of the South Pacific Environmental Radioactivity

Association (SPERA) have provided an excellent forum for discussing
the results of this project, and we thank the SPERA members and

14

Journal of Environmental Radioactivity 211 (2020) 106081

conference participants for their input. The LFLS research is very much a
team effort and we greatly appreciate the contribution of many members
of the research team from ANSTO and collaborating institutions, in
many cases over an extended period.

References

AAEC, 1985. The Little Forest Burial Ground - an information paper. Australian Atomic
Energy Commission. AAEC/DR19. 27 pages.

Bonhote, P.A., 1964. Possible Concentration and Disposal Processes for Low Level
Treatment Plant Sludge AAEC/TM 253.

Bugai, D., Tkachenko, E., Van Meir, N., Simonucci, C., Martin-Garin, A., Roux, C., La
Salle, C.L., Kubko, Y., 2012. Geochemical influence of waste trench no.22T at
Chernobyl Pilot Site at the aquifer: long-term trends, governing processes, and
implications for radionuclide migration. Appl. Geochem. 27, 1320-1338.

Cantrell, K.J., Felmy, A.R., 2012. Plutonium and Americium Geochemistry at Hanford: A
Site-wide Review (Report PNNL-21651). Pacific Northwest National Laboratory.

Cendén, D.I., Hughes, C.E., Harrison, J.J., Hankin, S.I., Johansen, M.P., Payne, T.E.,
Wong, H., Rowling, B., Vine, M., Wilsher, K., Guinea, A., Thiruvoth, S., 2015.
Identification of sources and processes in a low-level radioactive waste site adjacent
to landfills: groundwater hydrogeochemistry and isotopes. Aust. J. Earth Sci. 62,
123-141.

Choppin, G.R., 2007. Actinide speciation in the environment. J. Radioanal. Nucl. Chem.
273, 695-703.

Cleveland, J.M., Rees, T.F., 1981. Characterization of plutonium in Maxey Flats
radioactive trench leachates. Science 212, 1506-1509.

Collins, R.N., Kinsela, A.S., 2010. The aqueous phase speciation and chemistry of cobalt
in terrestrial environments. Chemosphere 79, 763-771.

Cornell, R.M., 1993. Adsorption of cesium on minerals: a review. J. Radioanal. Nucl.
Chem. 171, 483-500.

Emerson, H.P., Kaplan, D.I., Powell, B.A., 2019. Plutonium binding affinity to sediments
increases with contact time. Chem. Geol. 505, 100-107.

Hankin, S., 2012. Little Forest Burial Ground - Geology, Geophysics and Well Installation
2009-2010. Australian Nuclear Science and Technology Organisation. ANSTO/E-
781.

Harrison, J.J., Zawadzki, A., Chisari, R., Wong, H.K.Y., 2011. Separation and
measurement of thorium, plutonium, americium, uranium and strontium in
environmental matrices. J. Environ. Radioact. 102, 896-900.

Hoffmann, E., Loosz, T., Ferris, J.M., 2008. Environmental and Effluent Monitoring at
ANSTO Sites, 2006-2007. ANSTO. E-762.

Hughes, C.E., Cendoén, D.I., Harrison, J.J., Hankin, S.I., Johansen, M.P., Payne, T.E.,
Vine, M., Collins, R.N., Hoffmann, E.L., Loosz, T., 2011. Movement of a tritium
plume in shallow groundwater at a legacy low-level radioactive waste disposal site in
eastern Australia. J. Environ. Radioact. 102, 943-952.

TAEA, 2017. Advancing the Global Implementation of Decommissioning and
Environmental Remediation Programs. International Atomic Energy Agency, Vienna.

Ikeda-Ohno, A., Harrison, J.J., Thiruvoth, S., Wilsher, K., Wong, H.K.Y., Johansen, M.P.,
Waite, T.D., Payne, T.E., 2014. Solution speciation of plutonium and americium at
an Australian legacy radioactive waste disposal site. Environ. Sci. Technol. 48,
10045-10053.

INEL, 1994. Directions in Low-Level Waste Management: A Brief History of Commercial
Low-Level Radioactive Waste Disposal, 1 ed. Idaho National Engineering Laboratory.
DOE/LLW-103.

Jackson, R.E., Inch, K.J., 1983. Partitioning of strontium-90 among aqueous and mineral
species in a contaminated aquifer. Environ. Sci. Technol. 17, 231-237.

Kersting, A.B., 2013. Plutonium transport in the environment. Inorg. Chem. 52,
3533-3546.

Kinsela, A.S., Jones, A.M., Bligh, M.W., Pham, A.N., Collins, R.N., Harrison, J.J.,
Wilsher, K.L., Payne, T.E., Waite, T.D., 2016. Influence of dissolved silicate on rates
of Fe(Il) oxidation. Environ. Sci. Technol. 50, 11663-11671.

Levchuk, S., Kashparov, V., Maloshtan, 1., Yoschenko, V., Van Meir, N., 2012. Migration
of transuranic elements in groundwater from the near-surface radioactive waste site.
Appl. Geochem. 27, 1339-1347.

Lujaniené, G., Benes, P., Stamberg, K., S¢iglo, T., 2012. Kinetics of plutonium and
americium sorption to natural clay. J. Environ. Radioact. 108, 41-49.

Mietelski, J.W., 2010. Anthropogenic radioactivity. In: Atwood, D.A. (Ed.),
Radionuclides in the Environment. John Wiley & Sons, Chichester, pp. 19-34.
Payne, T.E., 2012. Background Report on the Little Forest Burial Ground Legacy Waste
Site. Australian Nuclear Science and Technology Organisation. ANSTO/E-780.

Payne, T.E., 2015. Little Forest Legacy Site - summary of site history until the
commencement of waste disposal in 1960. In: Australian Nuclear Science and
Technology Organisation. ANSTO/E-782.

Payne, T.E., Harrison, J.J., Hughes, C.E., Johansen, M.P., Thiruvoth, S., Wilsher, K.L.,
Cendon, D.I., Hankin, S.I., Rowling, B.R., Zawadzki, A., 2013. Trench ’bathtubbing’
and surface plutonium contamination at a legacy radioactive waste site. Environ. Sci.
Technol. 47, 13284-13293.

Rowling, B., Kinsela, A.S., Comarmond, M.J., Hughes, C.E., Harrison, J.J., Johansen, M.
P., Payne, T.E., 2017. Measurement of tributyl phosphate (TBP) in groundwater at a
legacy radioactive waste site and its possible role in contaminant mobilisation.

J. Environ. Radioact. 178-9, 377-384.

Sheppard, M.IL., Thibault, D.H., 1990. Default soil solid liquid partition-coefficients, Kds,
for 4 major soil types - a compendium. Health Phys. 59, 471-482.

Smith, B.S., Child, D.P., Fierro, D., Harrison, J.J., Heijnis, H., Hotchkis, M.A.C.,
Johansen, M.P., Marx, S., Payne, T.E., Zawadzki, A., 2016. Measurement of fallout


http://refhub.elsevier.com/S0265-931X(19)30559-4/sref1
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref1
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref2
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref2
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref3
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref3
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref3
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref3
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref4
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref4
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref5
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref5
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref5
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref5
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref5
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref6
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref6
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref7
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref7
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref8
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref8
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref9
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref9
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref10
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref10
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref11
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref11
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref11
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref12
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref12
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref12
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref13
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref13
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref14
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref14
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref14
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref14
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref15
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref15
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref16
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref16
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref16
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref16
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref17
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref17
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref17
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref18
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref18
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref19
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref19
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref20
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref20
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref20
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref21
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref21
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref21
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref22
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref22
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref23
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref23
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref24
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref24
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref25
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref25
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref25
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref26
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref26
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref26
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref26
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref27
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref27
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref27
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref27
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref28
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref28
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref29
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref29

T.E. Payne et al.

radionuclides, 2*>?%%Py and '¥’Cs, in soil and creek sediment: Sydney Basin,
Australia. J. Environ. Radioact. 151, 579-586.

Takamura, E.S., Salsman, J.M., Ledbetter, J.O., 1984. Design improvements on shallow-
land trenches for disposing of low-level radioactive waste. In: Annual Meeting of the
Health Physics Society. Texas Low-Level Radioactive Waste Disposal Authority, New
Orleans, pp. 1-18.

15

Journal of Environmental Radioactivity 211 (2020) 106081

Twining, J.R., Payne, T.E., Itakura, T., 2004. Soil-water distribution coefficients and
plant transfer factors for Cs-134, Sr-85 and Zn-65 under field conditions in tropical
Australia. J. Environ. Radioact. 71, 71-87.

Vazquez-Campos, X., Kinsela, A.S., Bligh, M.W., Harrison, J.J., Payne, T.E., Waite, T.D.,
2017. Response of microbial community function to fluctuating geochemical
conditions within a legacy radioactive waste trench environment. Appl. Environ.
Microbiol. 83, e00729.


http://refhub.elsevier.com/S0265-931X(19)30559-4/sref29
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref29
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref30
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref30
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref30
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref30
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref31
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref31
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref31
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref32
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref32
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref32
http://refhub.elsevier.com/S0265-931X(19)30559-4/sref32

	Radionuclide distributions and migration pathways at a legacy trench disposal site
	1 Introduction
	2 Site description
	3 Methodology
	3.1 Groundwater sampling and analysis
	3.2 Soil sampling and analysis

	4 Results and discussion
	4.1 Concentrations of radionuclides in surface soils
	4.1.1 Actinides (239+240Pu, 241Am) in surface soils
	4.1.2 Fission products (90Sr and 137Cs) in surface soils
	4.1.3 Correlation of radionuclides in surface soils with disposal records

	4.2 Depth profiles of radionuclides
	4.2.1 Depth profiles of actinides (239+240Pu and 241Am)
	4.2.2 Depth profiles of fission products (137Cs and 90Sr)
	4.2.3 Depth profile of 60Co

	4.3 Radionuclides in groundwater

	5 Conclusions
	Declaration of competing interest
	Acknowledgements
	References


