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SUMMARY

The dte for the radioactive waste repostory must be sdlected to minimise the likelihood that
inadvertent release of radionuclides could lead to an unacceptable radiation dose. The geosphere can
be an effective barrier that greetly limits the amount of radionudlides released from the Site, in the long
term. In this context, the hydrology and hydrogeology of the Steis of central concern, because water
is the medium mogt likely to mohilise the radionuclides.

The natura hydrology of potentid repository sites depends on rainfal and evaporation, movement of
soil water in the unsaturated zone and extraction of water by plants. Site selection and repository
design therefore require condderation of the climate, the soils and the vegetation. The climate of
Centrd Northern South Audrdia (CNSA) region is characterised by low rainfal which averages
about 200" mm/year, low relative humidity (about 43%), high evaporation (about 1900 mm/year) and
high temperatures in summer. Evaporation and temperature data are strongly periodic but rainfal is
very irregular.

Although the physical properties of the soils are poorly described in the literature, we infer that a
physicaly based catenary sequence encompasses the range of soils likely to be encountered. Deep
wind deposited sands, texture contrast sand over medium clay, and uniform medium clay soils occur
in much of the region. Many of the soils are sodic with cryptogam ground cover and Atriplex spp as
the dominant perennia shrub. Cacrete and sometimes sicrete hard pans commonly occur in the
s0ils, and gilga micrordief is common.

Richard's equation was used for illudtrative water balance caculations. The calculations were based
on inferred profile properties, in the presence and absence of vegetation. They yield useful order-of-
meagnitude information that accords with experience in roughly smilar though less arid environments.
Specificdly, they indicate that maximum recharge rates of about 7 mm/year (over the 27 years to
1996) occur on the deegp sands in the absence of vegetation and a surface crust. Atriplex vesicaria
and the presence of a stable cryptogam crust probably reduce this recharge rate by an order-of-
megnitude. These estimates are in good accord with isotope studies in the Murray mallee of South
Audrdia

On texture contrast soils with much less permeable subsoils the maximum recharge rate was about
0.1 mm/year. The uniform, sodic, medium clay soil recharge rates were inggnificant [< 0.002
mm/year]. The maximum recharge rate under deep sands in the absence of vegetation was about 0.1
mm/yr. These caculations probably overestimate the deep drainage because the use of daily time
deps means that the runoff from intense sorms of durétion less than a day is subgtantiadly
underestimated.

The recharge rates provide an upper limit to the rate of migration of radionuclides. Most
radionuclides move at rates that are orders of magnitude lower than the rate of water movement.
This retardation is characterisic of the particular element and is due to mechanisms such as
adsorption and chemica precipitation. For some of the longer lived radionuclides, particularly the
actinides, the geochemica retardetion mechanisms produce extremely low migration rates. A
preliminary survey of the literature has identified typica retardation factors due to adsorption for the
radionuclides of importance in assessing the safety of a near-surface repository.

The potentid radiation exposure via the groundweter pathway from any release of radionuclides from
the repogitory depends on many factorsincluding the inventory of radionuclides, the flux of weter, the



geochemicd retardation factors, the haf-lives and the radiotoxicity of the radionuclides. A nomina
inventory for radionuclides of importance is presented and is used in an advection-disperson model
to estimate the concentrations of radionuclides a a depth of 50 m in the unsaturated zone. Provided
the water flux and retardation factors are representative of conditions in the field down to about 50
m, then the geosphere provides an effective barrier to the release of radionuclides. Although this
moddling is preliminary, it identifies the Ste and soil properties that should be measured during Ste
selection and characterisation.

The estimated low recharge rates and low radionuclide movement in the vadose zone confirm initid
perceptions that much of the CNSA region would contain suitable Stes for arepository.

Ilusdtrative estimates presented here must be refined when better information is available on soil
hydraulic properties, radionuclide retardation factors and vegetation. Independent measurement of
recharge rates using radioisotope tracers would be helpful.

The combination of these indghts with landform and geomorphic information which might be inferred
from LANDSAT TM and radiometric data presented elsewhere in this study result in preliminary maps
which could be used to identify areas suitable for the repository within the CNSA region.

It is now necessary to correlate this remotely sensed data with "ground truth” and then to identify a
amdl number of specific areas where field measurement of soil and land properties will permit better
definition of local Ste properties.

The report concludes by recommending fidd and laboratory measurements that will facilitate
sdection and characterisation of a Ste for the repository.

2 October, 1998



4.1 |INTRODUCTION

This component of the study consders water flow and radionuclide movement and their impact on
dte sdlection for a radioactive waste near surface repoditory in the Centra Northern South Audtrdia
(CNSA) region identified in BRS (1997).

The Audrdian repostory will be a near-surface facility that will meet the requirements of the “Code
of Practice for the Near-Surface Disposd of Radioactive Waste in Audrdia 1992" (NHMRC
1992). Under this Code, the Site selected for the repository is required to have long-term stability,
and provide adequate isolation so that there is no unacceptable hedth risk to humans and no long-
term detriment to other biota. A safety assessment is required to clearly demondrate that the
protection of humans is optimised, and that the potentid radiation exposure to a member of the
public will not exceed the vaues, currently, of 1 mSv per year, recommended by the NHMRC. This
dose limit must be met a dl times % both during operation and after closure.

The Code dso specifies a number of criteria for Ste seection. The criteria that relate to water flow
and radionuclide movement are:

* the water table should be at sufficient depth to ensure that groundwater is unlikely to rise
within five metres of the waste, and large fluctuations in water table should be unlikey
(section 2.4.2b);.

» the geologicd dtructure and hydrogeologica conditions should permit modeling of ground
water gradients and movement, and dlow prediction of radionuclide migration times and
patterns (section 2.4.2c); and

e ground water in the vicinity which may be affected by the presence of the facility should
idedly not be suitable for human consumption, pastora or agriculturd use.

These requirements set limits on the release of radionuclides to the ble environment in both the
short term and the long term. In the short term, engineered barriers and operational procedures must
ensure that releases are within acceptable limits. In the long term, the geosphere should provide a
barrier to the release of radionuclides from the site,

This study of hydrology and radionuclide retardation will:
a) describe relevant aspects of the environment of CNSA;

b) review methods used to estimate unsaturated water movement in the arid zone and identify
the soil properties that affect flux and storage of water and which would influence selection of
the repository Ste;

¢) ligt and characterise radionuclides of importance for an Austrdian repository;
d) review information on the movement of radionuclides in the vadose zone in arid zone soils,

€) identify limitations of data on weter flow and radionuclide retardation and identify Ste specific
data needed to resolve issues of importance for ng safety of repogtory.

4.2 ENVIRONMENT OF CENTRAL NORTHERN SOUTH AUSTRALIA

The hydrology of potentia repository sites depends on rainfal and evaporation, unsteady unsaturated
movement of soil water, and extraction of water by plants. Its definition therefore requires
information on the climate, the soils and the vegetation.



421 Climate

The dimate of CNSA is arid and characterised by irregular low rainfdl, low reaive humidity, high
evgporation and high summer temperatures. Climate data has been collected a the Woomera
Aerodrome since the late 1940s, and they are representative of the whole CNSA region. Other less
complete data sets are available from Cooper Pedy, Andamooka and Roxby Downs.

Figures 4.1, 4.2 and 4.3 illudrate, respectively, the average (@) and monthly historica (b) rainfdl,
evgporation and air temperature data over the past decade for the Woomera Airport. Over this
period, the average rainfal is 198 mm/annum, the average relative humidity is 43% and the pan
evaporation average is 1886 mmlyear. For completeness, reative humidity and long term solar
radiation data are presented in Figures 4.4 and 4.5.

The climate of the CNSA region exhibits a very strong periodicity in evgporation and temperature.
This permits use of long term monthly, or daily, averagesin caculations. Rainfal, by contrast, is most
irregular and any form of average must be used with caution. Furthermore, the consequences of
sorm intensity, duration and frequency of occurrence differ depending upon whether we seek to
estimate deep drainage or run-off.

For the purpose of assessing the groundwater transport of radionuclides from the repository, it is
preferable to overestimate rather than underestimate deep drainage. Hence, it is reasonable to use
daly ranfdl information in this sudy to cadculatiing deep drainage because it will overetimate
infiltration and underestimate runoff. For predicting erosion and runoff, it would be more gppropriate
to use therainfal and runoff data of Filgrim (1987), which is generdly used for flood estimation.

422 Soils

The soils and landscapes of the CNSA region are well described (Jackson, 1956; Jessup, 1951,
1960a, b, 19614, b, c). However, the hydraulic and other physical characteristics of the soils are
poorly known. An exception is the work by Graetz and Tongway (1980) in the vicinity of Roxby
Downs. In generd, the soil hydraulic behaviour must be inferred from experience e sewhere,

The Handbook of Audrdian Soils (Stace et d., 1968) identifies three maor soil groups within the
CNSA region. It is convenient, because of the classfication of profile descriptions within the
Handbook, to retain the now superceded Greeat Soil Group names. Within that nomenclature these
are

i)  Grey brown and red calcareous soils [Map Code 7]
ii) Desert loams[Map Code 8], and
iii) Solonized brown soils[Map Code 19]
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Exemplary profile descriptions are provided in the Handbook. "Soils, an Audtrdian Viewpoint”
(CSIRO, 1983) dso offers comment on the soils and geomorphology of the area.

The soils are old and deeply weethered, and tend to be sodic a the surface with accumulations of
divdent cations, eg. cdcrete, a depth. The surface sodicity results in sructurd ingtability during
ranfdl, which subgtantidly redtricts infiltration. The soils range from uniform profiles to gradetiond
ones of medium texture. The desert loams tend to have texture contrast festures with sandy loam
overlying medium day. There are ggnificant aress of soil with rdaively high amounts of smectite
relative to kaolinite. This results, even in this environment, in shrink/swell behaviour and aress of
gilga. Such areas would need to be identified and perhaps should be avoided in Ste selection.

The genera didribution of these soils appears to be wdl-illugtrated in 1:100 000 and 1:250 000
colour enhanced LANDSAT TM maps (Wilford, ibid.) and in particular the 1:100,000 shesets he titles
Woomeral Koolymilka and Bon Bor/ Eba. The former lies within [136.30°E; 31.30°S and
[137.15°E; 30.30°S]. The latter lies within [135.00°E; 30.30°S] and [136.00°E; 29.45°S].
Enhanced LANDSAT TM images over these sheets purport to provide soil surface texture information.
If thisis the case then it can be inferred from them that the Woomera / Koolymilka region has quite
extendve and reatively uniform areas of smilar soils The Bon Bon region, for geologic and
geomorphological reasons gppears much more complicated. Field checking of the LANDSAT T™
imagery is required to validate the relationship between soil type and image response.

For illugtrative purposes, and on the presumption that the remotely sensed data does permit us to
identify soil type differences, we focus attention on the Woomera/ Koolymilka sheet. This Stretches
north and west of Woomera and Pimba. It is bounded in the south by a scarp which borders the
large sat Lakes Gairdner, Hart and Idand Lagoon. The landscapes north of this scarp are
characterised by soils with clay and oxides of iron in the surface. This "plateau” drains sharply to the
south and more gently to the north. Approximately 50 km north of Woomera this surface gives way
to soils characterised by broadly spaced, linear, wind deposited sand dunes, low, broadly spaced
rolling stony rises and some smdl sdinas. Soils here are characterised by hardpans, sicrete and
cacrete. Some detail on these landscapes is provided by Graetz and Tongway (1980). The soils
tend to show texture contrast features and may have hydraulic behaviour smilar to that in the
Victorian and South Austrdian Mdlee [for which area Allison and co-workers [see reference list]
offer hydrologica experience relevant to this study].

Soil surfaces throughout tend to be sodic and structuraly ungable. In the south, surfaces are
protected by stones [gibbers]. The "dune country” is subject to sgnificant sheet eroson by both
water and wind. Milnes and Wright (1993) describe features of the landscape. An early description
of the landscape, soils and vegetation is given by Jessup (1951). Two "characteristic’ profiles from
Pimba [136.9°E, 31.4°S] and further north and west [135.0°E, 29.0°S;] are attached in Appendix
A.

Thickness of the soils and subsoils is around 2m on the plateau west and northwest of Woomera. It
gradually increases to about 5m toward the "dune country. Preiminary landform data dso developed
by Wilford (ibid.) from remotedy sensed information suggest that these soils overlie sgpralite of
unknown thickness which grades into the Arcoona quartzite. The regiona ground water tableslie 30-
50m below the ground surface. In the topographicaly lower areas of Idand Lagoon and Lake Hart
the water table is closer to the surface (Kdlet, ibid.). The unconfined regiond aquifer is fractured
Arcoona quartzite which gppears to be rdatively permeable. The "sgprolite’ overlying the quartzite
permits various interpretations. It my condst of severd metres of dlcrete or calcrete immediately



beneeth the solum. This in turn may overlie up to 10m of a kaolinitosed Cretaceous shde [Bulldog
sha€]. In other cases, the sprolite may consst of slcrete directly overlying weethered quartzite. silts
and sltstone. The weethering characteritics of the Arcoona quartzite are unknown.

These soils are much older and more deeply weethered than are arid zone soils in the United States
where the mgority of arid soil nuclide studies have been conducted. Conclusions about radionuclide
movement developed for the radioactive waste disposd facilities in the United States are therefore
not necessarily applicable to the CNSA region.

4.2.3 Vegetation

An ecologica survey by Graetz et d. (1982) of the south Smpson Desart, together with comments
on the soils and vegetation in the vicinity of Roxby Downs, offers some indication of the current and
native vegetation. It gppears that much of the native vegetation has dtered in response to
opportunigtic grazing and fire over nearly 120 years. The origina vegetation included myall [Acacia
pendula and A. papyrocarpa] and bluebush [Maireana spp] in the swaes of dunes, and mulga
[Acacia aneura] on the flanks and crests. Some Casuarina is present on drainage lines together
with Eucal yptus spp. Some of the higher surfaces are stony and tredless dthough satbush [Atriplex
Sp] iscommon in some aress.

Some hydrologica consequences of the native vegetation were discussed by Graetz and Tongway
(1986) who examined the effects of surface cover on infiltration under redigtic imposed rainfal on
rdaively sandy soils of the area. They found that ungrazed soils with a well-established cover of
Atriplex vesicaria and a well-developed surface cryptogam crust permitted sustained infiltration
rates of less than 10 mm/hour and tended to pond in 210 minutes, depending on the rainfdl rate.
Infiltration in disturbed grazed areas, without the lichen crugt, ponded in about the same time, but the
deady infiltration rates were amost an order of magnitude greater. These data were for deep
medium sands. The saturated hydraulic conductivity of the generdly sodic medium clay soils is
expected to be a least an order of magnitude less that the sandy soils examined by Graetz and
Tongway (1986).

Sharma and Tongway (1973) showed that both Atriplex vesicaria and A. nummularia remove
sgnificant amounts of water soluble sats from a depth of 40-60 cm in cdlay soils in the arid zone
profiles. These sdts return to the soil surface in leef fal and litter decompaosition.

A. vesicaria is sad to be rdatively shdlow rooted. For example, Sharma (1978) found more than
90% of the roots within the top 20 cm of a profile at Deniliquin in NSW. The depth of penetration of
roots accords with speculation that the roots are found where 90% of the extractable water isto be
found (Carrodus and Specht, 1965; Jackson, 1958).

Old man sdt bush, A. nummularia, is deep rooted, with tap roots to be found at depths greater than
of 3 m. Both species are said to do well where precipitation is less than 200 mm/year. At the same
time, both species appear vigoroudy to extract water from a least 60 cm of the profile and their
influence might be expect to extend to &t least 100 cm. These observations are usad in the illudtrative
water balance caculations performed below, but they should be confirmed by field measurement.

4.3 HYDROLOGICISSUES

The possible transport by infiltrating water of radionuclides from the repository to the water table is
one of the most important pathways that might lead to the release of radionuclides into the
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environment. Thus, preferred Stes are located in rdatively arid regions where the water contents in
s0il profiles are low and fluxes and pore water velocities are very smal. This section reviews
conventiona gpproaches to the issues of water movement. Two didtinct, but complementary,
approaches are considered:

I) prediction based on solving the water baance equation;

i)  measurement based on movement of naturd or artificia tracersin water.

43.1 Water Balance Equation

The water balance equation formaly accounts for al sources and sinks for water in the soil
hydrologicd cycle. In the present context, two significant concerns arise: the first reates to the way
radionuclides move reldively close to the repostory, the second relates to estimation of nuclide
transfer deep into the profile towards the water table. Both must be consdered in terms of the soil
water balance equation asit is applied to the vadose zone. This equation may be stated as follows:

D=P-0- E+S, (1)

inwhich D is the deep drainage term, P is the rainfdl, O is overland flow that might occur during
ranfal, E is loss of water to the aamosphere via plants and directly from the soil surface, and S, is
the change in water sored in the soil. The solution of this equation has been much studied over the
past century. Generdly these solutions are based on Richards equation which describes transfer of
water in the soil with P and estimates of E providing "boundary” conditions for its solution. Richards
equation combines a continuity equation for the water with Darcy's law, which describes the water
flux, v, in response to the space gradient of the total potential, F , of the soil water.

Darcy'slaw, in 1-dimension, iswritten:

u=-ky)( F/12) 2

In this equation, u isthe Darcy flux, and k(y ) is the hydraulic conductivity of the soil. The necessary
and sufficient conditions on the use of this gpproach are that the water content, g, and k be wdl-
defined functions of the water potentid y . We define water content, g, here as the volume fraction
of thewater. y isareault of the interaction of the water with the solid surfaces and their geometry in
the generdly unsaturated soil. In generd, qu(y ) and k(y ) are not easly predicted but are readily
measured. In Equation 2, z is the verticd space coordinate, +ve upwards, and in its smplest formF

isgiven by:
Py e 3

where the potentid is defined as work per unit weight of water with convenient dimensions L and
units, m of water.

These issues are set out in detail in texts such as Hilld (1971), Jury et d. (1991) and Marshall et d.
(1996); their application to unsaturated groundwater flow in the present context is reviewed, for
example, by Allison et d. (1994) and recently by Scanlon et d. (1997). A useful Audrdian survey is
offered by Allison et d. (1983).
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There are severd well-established models that solve equation 1. A modd caled SWIM [Soil water
infiltration and movement] is generdly available in Audralia and has been extensvely tested across
the continent. Richards equation is solved usng measured or inferred soil hydraulic properties.
SWIM can ded with by-pass flow and vapour trandfer and takes account of soil surface
evaporation, surface seding and run-off. It accounts for plant water uptake usng conventiond root
digtribution-uptake models and predicts solute movement presuming that so-caled "piston flow"
occurs. This mode assumes that packets of soil water containing soluble sdts are displaced in their
entirety by succeeding packets with the solute redistributed within and between packets according to
a diffuson modd. SWIM dso permits estimation of exchange reaction usng a Freundlich-type
exchange isotherm. It may be used a many levels of precision depending on the precision with which
materid, climatic and vegetation properties are known. SWIM is fully documented by Verburg et d.
(1996). We use SWIM beow in an illugtrative calculation of recharge in the Central Northern South
Audrdiasoil in Section 4.4 below.

A modd smilar to SWIM but with some &bility to dedl with 3-dimensiond flow, caled HYDRUS, is
aso avallable from the US Sdinity Laboratory a Riversade, CA. It requires exactly the same materia
properties that SWIM requires and its output is very smilar to SWIM. The ability of HYDRUS to
ded with multi-dimensiond flow will be useful in caculaing the flows around the actud repostory.

It is important to point out that both SWIM and HY DRUS formdly solve Richards equation. They
specificdly determine the deep drainage term in Equation (1), aswell as E and S,, as part of that
solution. Because materid balance is central the derivation of Richards equation, its solutions do not
determine any term in Equation (1) as the difference of others. Thus D is effectively cdculated usng
Eq (2) for the potentid gradient and hydraulic conductivity estimated sufficiently deep in the profile.

A more complete review of models is provide by Hook (1996). That review confirms that SWIM
and HYDRUS, because they incorporate Richards equation, represent the most advanced
gpproaches to the problem, differing only from others in their class in dgorithms used for caculation
and parameterization.

4.3.2 Tracer Studies

Scanlon et d. (1997) and Allison et a. (1983) review the use of tracers to infer water flow and
recharge rates in aid environments. Allison's group in Addade conducted extensve fied
experiments using tracers, paticularly in the Victorian and South Audrdian Mdlee, to edtimate
recharge in that environment (Allison and Hughes, 1978 and 1983; Allison et d., 1985; Cook et d.,
1989, 1994). A report to the Department of Primary Industries and Energy by Harries et d. (1998)
offers a well-focused and practica guide to the use of radioactive tracers to predict the long term
transport of nuclidesin the arid zone.

These gpproaches are based on the notion that a detectable tracer (such as tritium, chloride or
chlorine-36) will be concentrated when the rain containing it is concentrated by evaporation in the
s0il profile. The subsequent movement of that loca concentration in a rdatively dry soil will be
affected by hydrodynamic dispersion but will, overal, obey a piston-like transfer with its velocity, V,
reflecting the flux of the water according to the equation

V:U/qw (4)
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The concentration of each years "peak” will differ from that of its neighbours, because of annud
variation of the tracer and because of seasona variation in evaporation. While such analyses remain
somewhat contentious because of assumptions about past climate, useful order-of-magnitude Ste
estimates of water flux and water velocity are obtained.

The tracer sudies in South Audtrdia and Victoria indicate thet the rates of recharge (fluxes) in the
Mallee are of order 1-10 mm/yr with rates in the arid zone of Alice Springs an order of magnitude
less. The rates in the Mdlee gppear to be sgnificantly reduced in areas where naturd vegetation
remained, athough deep rooted vegetation caused some confusion in the interpretation of
measurements.

4.4 WATER BALANCE CALCULATIONS

This section provides the water balance cadculations for conditions expected in the CNSA region.
Three sets of caculations are performed using data and properties inferred in relation to the two soil
profiles set out in the Attachments. Wegather data were taken from MetAccess files as illudtrated in
Figures 4.1-4.3. The water rdations of the soils were inferred from the soil texture profiles usng
methods discussed by Verburg et d (1996). Some vaues were estimated from infiltrometer studies
a Roxby Downs by Tongway and Graetz (1989), and they were supported by infiltration detall
published by Jackson (1956) for soils 100 km south of Woomera. The effect of vegetation on these
sysemsisSmulated using dataon A. vesicaria.

Representative profile and vegetation properties necessary to model the soil water regime are set out
inthe Tables 1, 2 and 3. For illudtrative purposes the soils are consdered to have, a most, two
identifiable layers together with a surface crust. These are not restrictions impaosed by the water flow
modd. A catenary sequence across an idedlised sand-dune system encapsul ates the widest range of
profile behaviour.

The cdculdions are dso redricted to a maximum depth of 100 cm on the grounds that existing
vegetation cannot extract water from below this depth so water below this depth can only move
downwards as deep drainage. Again, this is not a redtriction imposed by the water flow modd. In
passng we note that extreme diurna soil surface temperature variation might dso trandfer water
vapour. The effect will generdly be of second order, however, and probably of grestest influence
during the winter. It will result in some diminution in the soil water Sore.

SWIM was run for each of the exemplary soilsin Tables 1-3 usng
a) monthly average rainfal and evaporation data over 13 months shown in Figs4.1 and 4.2;
b) higtoricd daily rainfal and evaporation data for the 27 year period 1969-1996
For each type of climatic datainput we investigated the effect of:
a) the presence or absence of vegetation; and
b) the presence or absence of a cryptogam crust.
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TABLE 1
Sand Dune Profile

Presence and depth

Comments

General This profile represents the relatively deep sand profiles found on the
crests of the parallel dunesin the north and west of Central Northern
South Australia. It is assumed the profile has a stable cryptogam crust as
described by Graetz and Tongway(1979), and is colonised by Atriplex
vesicaria. No account istaken of annual or perennial grasses/forbs.

Surface Surface structureis stable, stores~10mm of water before run-off.

Vegetation Yes A. vesicaria model; xylem potential=-150m; root depth constant=200mm;
root length density=LD 3.5

Surface 0-10mm Cryptogam; Ksx=7mm/h; maximum conductance=0.7/h;

crust [=minimum conductance].

Topsoil 10 mm—-200 mm Medium sand, k=70 mm/h; porosity=0.35; gs;=0.33;

Subsoil 200 mm-2000 mm Medium sand, k=70 mm/h; porosity=0.35; s;=0.33;

TABLE 2
Solonetz Sail (E.A.Jackson, 1956)
Presence and depth Comments

General This profile represents the texture contrast soil [ Subnatric sodosol] with a
stable cryptogam crust as described by Graetz and Tongway(1979). It is
"undisturbed" and is colonised by Atriplex vesicaria. At this stage no
account istaken of annual or perennial grasses/forbs. It ison the lower
slopes of the dune.

Surface Surface structure is stable, stores~10mm of water before run-off.

V egetation Yes A. vesicaria model; xylem potential=-150m; root depth constant=200mm,;
root length density=LD 3.5

Surface 0-10mm Cryptogam; Ksx=7mm/h; maximum conductance=0.7/h;

crust [=minimum conductance],

Topsoil 10 mm—-200 mm Medium sand, k=70 mm/h; porosity=0.35; qs;=0.33;

Subsoil 200mm-2000mm | Sodic and akaline medium clay, ke=0.1 mm/h; porosity=0.45; qs=0.43
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TABLE3
“Pimba" Soil (C.G. Stephens, 1962)

Presence and depth Comments

Genera

Surface

V egetation Yes A. vesicaria model; xylem potential=-150m; root depth constant=400mm,;

Surface
crust

Sail

This profile represents the uniform soil [Sodic, mesotrophic dermosol]
with astructurally unstable surface. It is"undisturbed" although it has
been grazed by "hoofed" animals and is colonised by Atriplex vesicaria.
At this stage no account istaken of annual or perennial grasses/forbs.
This sail is characteristic of the profiles found in the swale of the dune
system, although the actual profile was described near Pimba.

Surface structure is unstable because of sodicity, stores~10mm of water
before run-off

root length density=LD 3.5

0-20mm Structure is unstable and a crust forms in proportion to the rainfall;
ksa=1 mm/h decreases to 0.01 mm/h as structure falls apart; maximum
conductance=0.5h" decreasing to minimum conductance =0 0005 h™*;

20 mm-2000 mm Sodic and alkaline medium clay, ks;=0.1 mm/h; porosity=0.45; qs,=0.43;

441

Water Balance Results

Table 4 ligs the results of the SWIM caculations of water balance. The data for the solonetz soil
are mog illuminating and we examine these déata in the sets characterised by the different climatic
period fird.

a)

b)

Monthly average rainfal and evaporation deta over 13 months. These data exemplify the
problem with usng monthly averages. In these circumstances modds ded with rainfal
intengty within each month as an average. The reaults then grosdy underestimate runoff
associated with intense slorms which often occur in the Centrd Northern South Austrdia
area. The results exemplify this and no runoff is predicted by the caculaions based on
monthly averages, or redts, for even the most impermeable soil [the medium clay with an
impermegble crust]. The approach is used no further.

Higtorica daily rainfall and evaporation data for the 20 year period 1969-1996. Daily data
provide the finest resolution of climatic informeation generdly available. These data sets retain
some of the averaging difficulties in caculaing the effects of severe gorm events, dthough
evaporation data are probably relatively reliably trested as daily averages. Neglect of intense
sorms within a day overestimates infiltration and underestimates runoff so the mode
inevitably setsaworst case scenario by overestimating deep drainage.

Using these climatic data on the Solonetz soil, we found that of the tota precipitation of 586 cm,
about 9 cm ran off, 577 cm evaporated and, in the presence of vegetation 0.004 cm drained from
the profile. In the absence of vegetation 2.9 cm drained from the profile. Even this latter number is
dill smal since it is the cumulative amount over 27 years, it corresponds to an average recharge rate

of 0.11

cm/year.



TABLE 4

Calculated water balances based on SWIM calculationsfor the period 1969-1996
During this period atota of 586 cm of rain fdl, and the total evaporation

from afree water surface was approximately 51 m.

Sail Deep drainage Runoff
V egetation Sol onetz soil 0.0042 cm/27 years 8.75cm /27 years.
=0.00016cm/yr =0.324cm/yr
Sandy soil of dune crest 3.52 cm/27 years Zero
=0.13 cmlyr
Medium clay soils 0.0041 cm/27 years 0.44 cm/27 years
= 0.0005 cm/yr =1.63 cmlyr
No Vegetation Sol onetz soil 2.92 cm/27 years 9.915 cm/27 years
=0.108 cmyr =0.37 cm/yr
Sandy soil of dune crest 18.33 cm/27year Zero
=0.68 cm/yr
Medium clay soils 0.0041 cm/27 years 0.4427 cm/27years
0.00015 cm/yr =1.64 cm/yr

By contragt, the sandy soil of the dune crest, during the same 27 year period, produced no run-off
and contributed about 18 cm in deep drainage in the absence of vegetation but only 3 cm in the
presence of vegetation. The vegetated dune data exceed by an order of magnitude the results
obtained by Allison et d. (1985) based on isotope measurements on well-vegetated dunes in the
Murray malee of South Audrdia. In that case however the vegetation was deep rooted mallee
rather than the very shalow rooted A. vesicaria. Interestingly, Allison’s estimates of degp drainage
in the cleared dunes corresponds amost exactly with ours of ~0.7 cm/year for cleared dunes. It is
rather less than the maximum rates estimated, using chlorine-36, for soils in the vicinity of Broken
Hill by Harries et d. (1998). The climate there is Smilar but a little wetter than that in the CNSA
region. These correspondences are encouraging.

Deep drainage in the medium day soils was inggnificant under al circumstances.

SWIM dso offers an opportunity to explore the consequence of particular historica climatic
sequences and their outcomes in terms of deep drainage and runoff. Two contrasting periods within
the 27 year run of data are examined here using the data for the Solonetz soil.

a) 1974 was the wettest year in the sequence. In that year, 49.3 cm of rain fdl, with 10 cm
fdling in May, the wettest month. The rainfal run for the year isshown in Figure 4.6. As this
Figure shows, the rain in May was preceded by sgnificant rain erlier in the year. SWIM
indicates that the soil profile was relatively wet and while dmost 50% of the May rain (3.4
cm) ran off, the wet profile transferred most of the remainder (1.5 cm) to deep drainage. This
deep drainage represents more than 50% of the 27 year tota. The runoff represents about
30% of the 27 year totd.

b) Inealy March 1989, following an extended dry period, 19.2 cm of rain fdl with the wettest
daily total 13.8 cm on 14 March 1989 (Figure 4.7). The profile a the beginning of this event
was very dry. The soil effectively stored, close to the soil surface, dl the rain that infiltrated.
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Subsequent drainage following redigtribution and evaporation from the soil and through the
vegetation was minimd. The intengty of rain however was such, even on dally redts, that
amost 5 cm of rain ran off. Thiswas more that 50% of the 27 year totd runoff from the site.

Thus the wettest Single day in 1989 resulted in much runoff, and the rest of the rain merdy filled dry
soil and, in time, was evaporated. In the wettest year (1974), a period of more modest rain resulted
in some runoff and the rest of the rain added to dready moist soil from which a smal proportion
drained, but this drainage was more than 50% of the totd drainage in the whole 27 years.

4.4.2 Discussion of Water Balance Results

The low recharge derived usng the illugtrative calculations, discussed above, supports the likelihood
that suitable repository Stes will be found in the CNSA region. The water flow modd, usng profile
and vegetation data inferred from fidd reports, predicts recharge rates which are consstent with
some field observations. The results indicate that there will be very little degp drainage on soils with
sodic heavy clay subsoils and well established A. vesicaria cover.

These observations require qualification:

a) Firdly, the illugraive cdculaions are bassd on reasonable, but estimated, soil profile
properties. These properties should be confirmed with careful measurements from specific
Stes.

b) The medium clays are sodic and may have columnar structure below aout 40 cm. There
may then be flow in preferred channd's separating the columns of soil. Thisisonly likely to be
important for short periods of time and it is unlikely that preferred channd flow will penetrate
to a ggnificant depth. In addition, some clay soils, which have gilgal micro rdlief, may ill be
active. This implies tha infiltration in the depressons may be locdly sgnificant and soil
movement may affect building foundations and repogtory sedls.

c) Whilethese estimates demonstrate the suitability of some soil types of the area, the operation
of the repodtory and the design of the covers will be criticdly important. After burid of
wade, the soil surface should be managed to at least re-establish the conditions which
exised before pits are opened. This would ensure that any radionuclides released from the
waste would be expected, in the worst case, to move with water in the vadose zone towards
the water table. The most mobile nuclide will be tritium or tritiated water which will move at
the same rate as the water. All other radionuclides will be retarded to an extent depending on
their reaction with the surface of the soil solid (see section 4.5).

The data offer an estimate of the trangt time of water moving from the repogitory at a depth of [say]
5m to a depth of say 50 m in a soil where g, » 0.1 [this seems a common figure for these
landscapes)]. If the recharge rate is of order 1.5° 10 cmiyear in a profiles with medium day, the
velocity of the water will be of order 1.5° 10 cmlyear and the transit time to 50 m will be of order
10° years. On the other hand, the highest rates of recharge in the cleared sand soils of 0.68 cvyr,
yidds atrangt time of gpproximately 660 years.
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4.5 RADIONUCLIDE M OVEMENT
45.1 Radionuclidesof importance

The materid for digposa a the repodtory will contan many different radionuclides, with its
composition depending on the source of the waste. In Audtrdia, radioactive waste is generated by
medical, research and industrid gpplications, the operation of research reactors, the production of
radiopharmaceuticals. It might also include materid derived from the clean-up of contaminated Stes
and minerd processng wastes (but not from uranium mines).

Nuclides which are important in assessing the safety of the repository are liged in Table 5. This ligt
includes radionuclides that are respongble for most of the radioactivity in arepostory, aswdl asthe
long-lived radionuclides that are important in the assessment of the long-term safety of the repository
after closure. The rdatively short lived radionuclides tritium and cobat-60 are included because they
are likely to contribute a significant proportion of the tota radioactivity in the repository. Tritium and
technetium move with weater in the soil and reved little retardation.

The amount of each of these radionuclides in the Audtrdian repository is uncertain. The compostion
of Audrdian radioactive wastes will be quite different from the waste compaogition in countries with
nuclear power syslems. Column 3in Table 6 lists anomind inventory of the radionuclides in 10,000
nt of radioactive waste assumed to be in the repository at closure. This inventory is based partly on
edimates of the Audrdian inventory by Camilleri (1992) and on Tabott and Gelhar (1994), who
provided anomina inventory for amuch bigger generic US repository designed for 10° n?* of waste.
The Tabott and Gelhar inventory was based on the assumption that 75% of its waste was received
from non-fuel aspects of the nuclear power industry and 25% from industrid, medica and academic
sources. We assume that 1 % of this inventory would approximate Audiraia s inventory. In addition,
the inventories of fisson products Sr-90, Tc-99 and 1-129 are based on the 20 TBq inventory of
Cs-137, assuming that these radionuclides are present in the same ratios as they as produced in the
thermd fisson of uranium. The rdative inventory of the activation products Ni-59 and Ni-63 is
based on differencesin haf-lives and neutron activation cross-sections.

45.2 Factorsinfluencing radionuclide retardation in the geosphere

The migration of a radionuclide in groundwater is usudly much dower than the rate of water
movement. This is because mechaniams such as chemica precipitation or adsorption remove the
radionuclide from the agueous phase and depost it on the matrix of the aquifer. Hydrodynamic
disperson [including diffuson] aso affects trandfer; they are discussed e sewhere,

If a radionuclide is present at concentrations exceeding the solubility of a solid phase, it will
precipitate from solution. In this context, the word ‘precipitate’ has a distinct meaning, and refers to
the formation of a solid phase from dissolved species, as represented in areaction such as.

Ca2+ +2 U022+ + 2PO43_ U Ca(U02)2(PO4)2 (autunite) (4)

This reaction expresses the formation of autunite from dissolved Ca, U and P species. Each
precipitation reaction has an equilibrium congant, and the solubility of the minera in contact with a
given solution phase can be readily cadculated. If this solubility is exceeded, the minerd will
precipitate, and solubility therefore places an upper limit on dissolved radionuclide (in this case,
dissolved U).
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TABLE 5

Radionuclides of Importance for the Australian Repository

Nuclide Haf-life Nominal .
Production
(years) Inventory TBq
H-3 123 1000 Produced by neutron activation of deuterium. Present in wastes from
research reactors using heavy water and biological research.

C14 5,730 1 Present in activated metals from reactors, sealed sources and animal
carcasses used in research.

Ni-59 76,000 0.01 Produced by neutron activation of Ni-58 (68% of natural nickel) with
cross-section = 4.6 b. Nickel is present in stainless steel (0 to 22 %) and
structural steelsin reactors.

Co-60 527 20 Produced by neutron activation of Co-59 (100% natural cobalt) with
cross-section = 37 b. Cobalt isfound in structural steelsin reactors and
widely used in sealed sources.

Ni-63 100 01 Produced by neutron activation of Ni-62 (3.6% of natural nickel) cross-
section = 14.2 b. Nickel isfound in stainless steel (0 to 22 %) and
structural steelsin reactors.

S-90 286 20 A fission product with ayield of 5.93% in thermal fission of U-235.

Nb-94 20,300 0.001 Produced by neutron activation of Nb-93 (100% of natural niobium)
cross-section = 1.1 b. Niobium is present as aminor constituent in some
stainless steels and as atrace constituent in nickel based alloys such as
INCONEL. Not produced in fission.

Tc-99 213,000 0.01 A fission product with ayield of 6.1% in thermal fission of U-235.

1-129 157x10° 0.0001 A fission product with ayield of 0.72% in thermal fission of U-235.
Cs137 301 20 A fission product with ayield of 6.23% in thermal fission of U-235.
Ra-226 1600 1 A decay product of U-238 and awaste from early medical usage.
Th-232 1.41x10%° 10 A naturally occurring radionuclide, and a by-product of the mineral

sandsindustry.
Np-237 2.14x10° 0.001 Produced in reactors by neutron absorption on uranium. Mainly present
as adecay product of Am-241 and Pu-241.

U-238 4.47x10° 1 A naturally occurring radionuclide.

Pu-239 24,100 0.001 Produced by neutron absorption in U-238. Possibly present in very
small amounts. Occursin uranium irradiated in areactor.
Am-241 432 2 Produced by neutron absorption in U-238 and Pu-239, and a decay

product of Pu-241. Used in domestic smoke detectors.

Note: 10° Bq =1 MBgq, 10°Bq =1 GBgq, 10” Bq= 1 TBg and 10" Bq=1PBq

The likely solubility controls on releases from a high-level waste repository have been discussed by
Langmuir (1997). While the geochemigtry and waste composition of the low-level Audrdian
repostory will be different, it is instructive to review the conclusons which were derived. In one
groundwater chemistry which was considered, (rdatively oxidising at pH 7.4), it was concluded that
the solubility of Am, Ra, Pu, and Th would be beow 10° mol/L in &l conceivable conditions.
However, U and Np were rdaively soluble, with limiting concentrations as high as of 10% mol/L.
Findly, Tc was not limited by solubility under oxidisng conditions. It must be emphassed thet
solubility only sets an upper limit on dissolved concentrations, and is therefore indicative of the
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worst-case scenario. Langmuir commented that concentrations of 1-129 and Tc-99 would not be
ussfully limited by solubility in oxidised water. Other radionuclides such as Ra, Np and U may have
potentidly high solubility. Langmuir concluded that sorption reections would sgnificantly delay the
escape of these isotopes and short-lived isotopes (eg. Cs-137 and S-90) to the accessible
environment.

Asimplied by the preceding discusson, chemicd precipitation is only significant when concentrations
exceed solubility limits. For most radionuclides, retardation occurs a lower concentrations, due to
the mechanisms of adsorption and desorption. These are surface processes by which a solute is
bound (adsorbed) or released (desorbed) by sites on the surfaces of minerals and organic matter in
the soil. Generically these processes are referred to as sorption. Sorption causes most chemical
gpecies to be retarded relative to the water flow. The complex sorption interaction is Smplified and
expressed in terms of a didtribution coefficient, K. Ky is a partition coefficient representing the
relative amount of the radionuclide sorbed onto the soil and in the equilibrium solution.

The principles rdating K4 and contaminant migration can be demondrated with a smple one-
dimensiond case. Consgder a water-saturated porous medium containing a contaminant. Provided
that the partitioning of the contaminant between the solid and liquid can be adequately represented
by sorption, the retardation factor R, is (Freeze and Cherry 1960):

MoKy

Ry =1+ ®)

wherer , isthe dry soil bulk dengity (kg/L), K4 is the digtribution coefficient (mL/g i.e. (mg species/g
of soil solid)/(mg speciesymL soil solution)) and g, is the volumetric moisture content. The term R s,
in ampleterms, the ratio of the gpeed of the moving water to that of the retarded condtituent.

K4 therefore provides an estimate of the migration rate, and may have a range of vaues. The
sorption effect depends on the chemica properties of the eement, hence the Ky vdue is the same for
al isotopes of an dement. The vadue of Ky depends on the dement in question, the chemica
conditions of the groundwater, and properties of the solid (such as its surface area, mineralogy,
surface charge etc). Typicaly some eements (such as iodine) have rdatively low Ky in a range of
geochemicd environments, whereas others (such as thorium) have very high Ky vaues and are
virtudly immobile in mogt types of naturad environments. However, the value of K4 for a angle
element may cover arange of orders of magnitude depending on the system in question.

4.5.3 Compilationsof distribution coefficients

Severd compilations of Ky vaues have been published. McKinley and Scholtis (1992) published
lists of Ky vaues that have been used in safety assessments for a range of geological media. They
note that the selection of Ky vaues for trangport models is often ‘ conservative, in order to ensure
that the models over-predict radiologica consequences (err on the side of safety). A conservative Kg
vaue would be lower than the expected or red Ky vdue. In thar review, McKinley and Schaltis
selected ‘best estimates (also described as ‘red’ or ‘mean’ vaues) when more than one Ky was
given in each database. Their ‘best estimates for soil and surface sediments are lisged in Table 6
These data are for sudies in the UK, Switzerland, Canada and Belgium. Also lised in Table 6 are
data from a compilation by Sheppard and Thibault (1990) based on published K4 vaues for sand,
loam and sand.
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The order of dementsin Table 6 is based on the grouping developed by McKinley and Scholtis
(1992). This grouping is further discussed below. Note that Table 6 contains some eements, such
as Se, Pd, Sn and Zr that are not important in assessing the safety of near surface repositories. These
have been included here because they show the amilarity of K4 vaues for dements with amilar
chemical properties. Some of the datafrom Table 6 are presented in graphica form on Figure 4.8.
This shows more readily the trends in the data-sets.

TABLE 6
Compilations of Representative K4 values (mL/qg)
Sand and Surface Media Sand Loam Clay Geom mean
source McKinley and Scholtis (1992) Sheppard
‘best estimates’ and
Thibault
(1990)

Cs 100to0 2000 (n=6) 280 4600 1900 660

S 10t0 100 (n=5) 15 20 110 32

C (inorg) 0to100(n=5) 5 20 1 32

I 0to10(n=5) 1 5 1 12

Se 1t050 (n=8) 150 500 740 28
Co 60 to 5000 (n = 3) 60 1300 550 440
Ni 10t0 1000 (n=5) 400 300 650 140
Nb 30t0 5000 (n=3) 60 500 900 180

Pd 410100 (n=5) 55 180 270 R
Sn 50to 700 (n=5) 130 450 670 190
Zr 10t0 8300 (n=6) 600 2200 3300 660
Tc 0to5(n=6) 01 01 1 021
Am 100to 8800 (n=5) 1900 9600 8400 2500

Np 10to0 1000 (n=6) 5 25 55 36
Pu 300 to 10000 (n=6) 550 1200 5100 1400
Ra 10to 100000 (n=11) 500 36000 9100 1400
Th 800 to 60000 (n = 6) 3200 3300 5800 4400

U 20t0 1700 (n=6) 35 15 1600 9%

Note: For the geometric mean, avalue of zero was taken to be equivalent to 0.01.

Based on ther Ky vaues for soil and surface sediments, the radionuclides of importance for
assessing the performance of a near surface repository fall into the following six categories (based on
the discussion in McKinley and Schaltis, 1992):

Tritium is a specia case because it occurs as tritiated water with no retardetion relative to
pore water movement, see dso Smiles et al. (1995).

The dkdi/dkdine eath dements (caesum and strontium) show relaively narrow ranges
(about an order of magnitude) with the midpoints of these ranges about 500 and 50 mL/g
respectively. The Ky for strontium tends to be less than that of caesum by afactor of 2-10.

The anionic non-metas (p-group eements) (inorganic carbon (i.e. carbonate), iodine and
selenium) generdly have low sorption (around 10 mL/g) because they tend to be repelled by
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the predominantly net negative surface charge characterigtic of soil minerds. The NRPB
assumed zero sorption for this group of eements.

The trandtion metds (cobdt, nickd, niobium, paladium, zirconium and tin) tend to have Ky
vauesthat liein the range of 10 - 1000 mL/g with the higher values for zirconium.

Technetium is treasted separately because of its importance and its very low sorption in
oxidisng sysems. The vaue of K4 variesfrom 0 in oxidisng sysemsto 250 mL/g in reducing
sysdems. Soils are generdly oxygenated and very low or zero sorption of technetium is
assumed.

The actinides (americium, neptunium, plutonium, radium, thorium and uranium) are generdly
srongly sorbed. Americium, plutonium and thorium have with K4 values from 100 to
100,000 mL/g. The sorption for uranium and neptunium is sgnificantly lower with Ky from

10 to 100 mL/g.
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Figure 4.8 K4 values for sand and surface sediments

The wide range of K4 vaues for each dement in these compilations probably reflects a diverse range
of water chemigtries and experimenta conditions. Nevertheess, there are some systematic trends,
such as the low Ky vaues for Tc and the high vaues for Pu or Th. Comparison of the geologic
substrates surveyed by Sheppard and Thibault (1990) show that the Ky values for sand are lower
than the Ky values for loam, clay or organic matter. This reflects the dependence of Ky on the
character of the geologic substrate. These Ky values were measured under saturated conditions, but
should dso apply to trangport in the unsaturated zone. The geometric means of the datain Table 6
are used for the preliminary assessment to be discussed below.

In interpreting the compiled data for Ky values, the strong chemica dependence and site-specific
nature of Ky vaues should be emphasised. Where an dement is identified as being of concern,
laboratory experiments will be able to provide site specific Ky vaues. It should be noted that even a



23

low Ky vaue of 10 mL/g results in sgnificant retardation of 50 to 100 times reldive to the water
flow.

45.4 Preiminary Modd of Radionuclide Trangport in Arid Soils

The firgt step in peformance assessment is the development of scenarios that can lead to the
radiation exposure of members of the public. A range of scenarios is needed to cover both norma
operation and extreme events. The activity concentration limits listed in the NHMRC Code of
Practice are based on an assessment of various intruder scenarios occurring after the ingtitutional
control period. After intruder scenarios, the most important scenarios are usually those based on the
trangport of radionuclides to the water table and use of contaminated water. For arepository in arid
regions, the deep water table and the very low water flux in the vadose zone are important barriers
to the rdease of radionuclides into the biosphere. The first stage of the groundwater exposure
pathway is the release of radionuclides from the repository, followed by transport of radionuclides by
infiltrating ground water to the water table.

This preiminary safety assessment estimates the likely transport process in the vadose zone of the
regolith beneath the repostory and above the water table. It includes effects of radionuclide decay,
water fluxes, retardation and dispersivity. The transport is cdculated usng the one-dimensiona
advection-dispersion equation:

In one dimension, the equations are

6_.viG, vIG.
qIt R, Tx e R, 1% 'G ©)

where C; is the radionudlide concentration in the liquid phase (Bq mi®), V is the average linear water
flux (m sY), R is the retardation, a is the dispersivity (m) and | is the radioactive decay constant

Cp}
In this preliminary safety assessment, any containment provided by the waste containers or the facility

enginesring isignored. If the whole inventory of a particular radionuclide is released as apulse into a
previoudy uncontaminated soil, the solution of equation (6) is.

au
C(xt) = ———— e GRr)) |, G @

"~ 2A/pavRit ¥ d4a(Rr) o

wherel is the repository inventory of the radionuclide and A is the repository area. The area of the
buries wastes at closure is assumed to be 2000 nt and the inventory of radionuclides listed in Table
5 isassumed to be present at closure of the repository.

an qn>
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455 Calculated Radionuclide Concentrations

The advection-disperson model, equation (6) has been used to edtimate the concentrations of
radionuclides in the pore water a a depth 50 m below the surface, which is taken to be 40 m below
the repository. The illustrative calculation presented here is based on the geometric mean Ky values
(Table 6), avolumetric water content of 0.15 and a water flux of 0.68 cm/y, which is for sandy soil
of the dune crest with no vegetation (Section 4.4.2). Figure 4.9 shows the calculated concentration
of radionuclides in the pore water 40 m beow the repostory as a function of time. The modd
assumes that al radionuclides are released at time zero, that there is no precipitation of chemica
gpecies, that there is no ggnificant laterd disperson and that the soil hydraulic properties, and the
same K vaues, extend to at least 40 m below the repository. Thisis one caculation of the many that
would be required in the safety assessment for the repository.

100
H-3 C-14
Te-09

3 100 +
I3
m
g 10
B
- Years
o 1+ -
2 100 1,000 0.000 100,000 1,000,000
3 I-129 Np-237

0.1

0.01

Figure4.9  Cdculated concentrations of radionuclides as a function of time at in vadose zone
groundwater 40 m below the repository derived from the advection-disperson
modd.

Only five of the radionuclides investigated, (H-3, C-14, Tc-99, 1-129 and Np-237), have significant
concentrations (greater than 0.01 Bg/L) a the depth of 40 m. Tritium arrives first due to its high
mohbility, but its short haf-life resultsin its effective disappearance by 500 years. Tc-99, C-14 and |-
129 arrive sequentidly due to thelr greater retardation. Finally, Np-237, which has the highest
retardation of these radionuclides, appears in the ground water. Most radionuclides are retarded in
the soil column for long enough to ensure decay to very low leves.

Figure 4.10 shows the annud doses of radiation that would be received by individuas who drank
1000L /annum of the groundwater containing the concentrations of nuclides shown in Fig. 4.9. The
public limit for annua dose is 1 mSvly, 0 it is evident that a no stage would the groundwater
present a threet to health. These calculated concentrations and doses are illugtrative; they depend on
a particular assumed inventory of radionuclides, estimates of distribution coefficients and assumed
soil properties.
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Figure4.10 lllugrative annual doses recelved if a person drank 1000 litres of pore water
containing the radionuclide concentrations shown in Figure 4.9.

46 DISCUSSION

This desk study has considered water flow in the soils of the CNSA region and radionuclide
retardation for representative radionuclides. The study necessarily used published information to infer
important soil and vegetation properties necessary for the cdculations. The water recharge
caculations appear reasonably rdiable, because they are of amilar magnitude to estimates based on
radioactive tracer measurements made in other semi-arid environments in South Audradia and in
New South Wales.

The water balance calculations present a "word-case’ scenario because they overestimate deep
drainage and underestimate runoff. This is because the time of 1 day over which rainfal is averaged
overestimates infiltration and potentid deep drainage. For Site selection, where estimates of deep
drainage are important, these errors are conservative. For engineering design, however, runoff and
surface water control may be important. In that case tables of rainfall-run-off, which are available for
the region (Pilgrim 1987), would need to be consulted.

Provided the Site does not receive runoff from adjacent land surfaces, the recharge in the CNSA
region based on the three soil types investigated is expected to be low and suitable for Sting a low-
level wadte repository. There would be an advantage in sdecting a Ste with some st or clay in the
soil under the repository to gain the benefit of the lower recharge rates.

The cdculations of radionuclide retardation were dso based on published data. In this desk study,
we used retardation factors from the literature which might or might not be gpplicable to Stes in
CNSA region. There is gill uncertainty about the retardation of nuclides in the soil/regolith profile
below the repository, because of the wide range of digtribution coefficients, Ky. Nevertheless, the
data suggest that most radionuclides of importance are strongly retarded in the profile with respect to
the movement of water. Sits and/or clays tend to have higher retardation factors than sands so
heavier textured soils are more effective than sandsin redtricting tranfer.

Cdculations of the effectiveness of the geosphere barrier are based on a uniform and deep profile.
The trangt time from the release of a radionuclide to when it reaches the water table could be
congderably reduced if the flow occurs through preferred pathways. Soils of the area have various
surface and subsurface layers, such as cdcrete and slcrete, which might channd water flow. While
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they are thin rdative to the overdl profile depth to the water table and while the soil water content is
low, the effects of preferred pathwaysis expected to be small.

In generd terms, we conclude that the soils and climate of CNSA region gppear to be suitable for
location of arepogitory. Clearly, it isimportant that the repository is on alocaly eevated area so that
no surface water flows towards the buria zone during extreme rainfal. There is dso an advantage in
ensuring that the soil/regolith under the repository zone contains some clays and slts to enhance
radionuclide retardation, and that the water flow is not channelled into preferred paths.

These observations complement the regolith/landform information developed by Wilford (ibid.).
Wilford uses LANDSAT TM data to develop landform maps and prepared images that relate to soil
surface mineralogy. Since surface mineraogy is, to an extent, a defining festure of the soils, and since
these maps dso define locd topography and drainage lines, they would permit, in principle, a
synthesis of our ingghts across the landscape of Centra Northern South Audtraia.

Land suitability maps incorporating these features, which adso exclude areas closer than 200 m from
sreams lines, for the WoomeralKoolymilka, and Bon Born/Eba areas have been prepared by
Wilford (ibid.). These maps appear to indicate that the Woomera area is geomorphicdly reatively
simple compared to the Bon Born/Eba area. They aso appear to indicate that a much greater area of
continuous land meets these criteriain the WoomeralK oolymilka area.

These observations do not indicate any preference to one or other area, on the part of the authors.
We amply observe that these observations offer a useful basis for preparing for fidd sudies. It is
aso criticaly important to recognise that these inferences can only be accepted with confidence
when the "ground truth" of the remotely sensed LANDSAT TM datais established. The correlation
process necessary to establish ground truth must therefore be seen as atop priority for action.

In summary:

a.  The cdimate of CNSA region is arid enough to ensure that it contains Stes suitable for a
repository.

b. Even permesble sandy profiles will retain the most mobile of solutes for more than 600 years if
the water table is about 50 m deep and, with limited local exceptions, if the profile to this depth

is uniformly permegble. Residence times for water in the sodic medium clays of the region may
be afactor of 1000 times greater than this.

c. Clays will more effectively absorb nuclides, have higher retardation coefficients and generate
greater runoff than will sands.

d. Some day soils have gilgai micro-rdief. These soils may till be active and present engineering
difficulties. In addition, infiltration in the depressons may be locdly sgnificant.

e. Structurd ingtability associated with sodicity may be advantageous because it results in a rgpid
reduction in infiltration cgpacity during and following rain.

f. Dedrable naura festures associated with minima deep drainage include:
- degp medium clay soils to reduce deep drainage and retard radionuclide movement;
- locd devation high with defined drainage patterns to maximise runoff from repository sSte;

- dable perennid vegetation and cryptogam surface and/or stony pavement to reduce
infiltration, protect the surface from eroson and enhance extraction of water from below
the surface.
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The geology o the weethered zone a the Site should be rdatively smple so that water fluxes
and radionuclide movement can be readily caculated and perhgps more easily managed. In
particular, the depth to hard rock, e.g. the Arcoona quartzite, should be should at least 30 m,
and preferably 50 m. The Arcoona quartzite is strongly fractured and water flow is channelled
by the fractures, in which the radionuclide veocity is greaster than might be the case in
"unconsolidated” materias.

While many soil types of the area have properties that are consstent with repository
requirements, the engineering of the repository and particularly the design of the covers will be
criticaly important. After burid of waste, the cover and the soil surrounding the burid facilities
will need to be managed to establish hydrologica conditions which are as good as, or better
than, those exigting naturdly.

The repository should be designed to enhance the desirable natura features. This will require
congruction of a soil cover of optimum shgpe to maximise runoff without eroson and to
maintain vegetation that protects the surface and helps evaporate water that infiltrates. The cover
might adso have layers of varying hydraulic properties to ensure discharge of unsaturated flow to
the periphery and a layer to reduce intruson by plants or animals. We note that the water flow
modd HY DRUS identified above has the 3-dimensiond capability needed to facilitate design in
these circumstances.

4.6.1 Recommendations

a)

b)

Because of the paucity of data available to characterise the soil and land properties, loca
ground truth of inferences based on remotey sensed LANDSAT TM data and the reliability of
LANDSAT TM -based suitability maps must be established. In this context, topographic issues
are rdatively unambiguous, but soil surface minerdogy needs to be confirmed and the ground
sgnificance of the colour enhanced images needs to be established. This will require a locd
aurvey, for which the time involved should be modest. With this information, Land Suitability
Maps can be refined for the totality of the CNSA region, and a smal number of suitable
candidate Sites selected for detalled investigation.

We recommend that representative soils of the CNSA region be collected from several sites of
interest for laboratory measurements of minerdogicad, hydrologicd and physco-chemicd
properties. This should include properties that affect the structurd stability of these soils, thelr
mechanica properties and radionuclide digtribution coefficients. We suggest a sampleinitidly be
collected from 4 profiles and the following measurements be carried out.

Feld measurement and sampling:
»  profiledescriptionsin locd landscape context, including identification of gilga;
* il sampling for laboratory determinations. An indicative protocol envisages backhoe

samples to a depth of approximately 2.5m, and auger/drill samples from 10 m, 20 m, 30m
and 40 mif possble.

L aboratory measurements on soil samples from the selected Sites.
e clay minerdogy;

*  exchangesble cations and water soluble sdts

»  surface sructura gtability;
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e hydraulic properties,

e mechanica properties,

e porewater properties, including pH, redox potentia and mgor solutes,

*  soil water content;

«  radionuclide digtribution coefficients as a function of pH, redox potential and concentration;
*  messurement of radionuclide movement in small unsaturated soil columns;

c) We recommend that the water balance approach be used to characterise a smal number of
candidate Sites when gppropriate field soil data have been collected. While the deep drainage D
in the water balance equation is, in genera, asmall difference between large numbersin equation
(2), the solution of this equation provides important ingghts into unsaturated flow in the vadose
zone and critica information on properties of candidate Sites.

d) We recommend that the hydrology of favoured Stes be assessed using both water balance
equation caculation and tracer methods, particularly chlorine-36. The tracer method using
chlorine-36 was well-demongtrated by Harries et d. (1998) in Smilar circumstances to those in
the present study area. They established a practica protocol that should be followed here and
they cdlearly demondtrate the rate of movement of a soluble radionuclide in the soils and thence
an indicaion of the natura soil water recharge rate. The flow equation solution and the tracer
methods are complementary.

4.7 CONCLUSIONS

This desk study of hydrology and radionuclide movement indicates that the CNSA region offers
ample opportunities to locate a nationd repository for low-level and short-lived intermediate-level
radioactive wastes. The study merges environmenta physicd prediction, theory of nuclide movement
in soil and remotely sensed landscape information to offer a strategy for identifying candidate aress
and thence suitable Stes where the repository could be sited. Because the approach has necessarily
been based on inferred, rather than measured, datait is now necessary to provide ground truth for
the remotely sensed data and obtain field data and samples to permit more authoritative calculations.
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