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Foreword

Radioactive waste management programmes in OECD countries cover a wide range of activities
in research and development with the common purpose to pet the necessary scientific basis for
disposal of various types of radioactive waste. The concern for the safety of final disposal is
shared among the safety authorities and the radioactive waste producers, primarily the nuclear
utilities. In some countries, site selection and charac-terisation programmes for high-level waste
disposal are at a relatively advanced stage and several countries already have repositories for
low-level waste in operation. Due to the difficulties involved and the amount of work NECEssary
to get the required scientific information, the problems to be resolved have a high priority in
national and international co-operative programmes, _

INTRAVAL was set up as an international project concerned with the use of mathematical
models for predicting the potential transport of radioactive substances in the geosphere, Such
models are used to help assess the long-term safety of radioactive waste disposal systems. The
INTRAVAL project was established by the Swedish Nuclear Power Inspectorate to evaluate the
validity of these models. Results from a set of selected laboratory and field experiments as well
as studies of occurrences of radioactive substances in nature (natural anafogues) were compared
ina systematic way with model predictions. Discrepancies between observations and predictions
were discussed and analysed.

The project ran for six years, from 1987 to 1993. It was organised in two phases. The Swedish
Nuclear Power Inspectorate (SKI} was managing participant during both phases and the
OECD/Nuclear Energy Agency, Her Majesty's Inspectorate of Pollution (HMIP/DOE), United
Kingdom, and Kemakta Consultants, Sweden took part in the project secretariat. The project
had also observers from the International Atomic Energy Agency and from the State of Nevada.

The first phase of INTRAVAL was finished in 1990, Reports of the results from the first phase
were issued in 19590, 1992 and 1993. A summary report of phase one of the praject was
published in the beginning of 1994.

The second phase of INTRAVAL was initiated in 1990 and finished 1993. Thirty-eight
organisations from thirteen OECD countries participated in the second phase. Test cases were
divided among four working groups which describe their findings in four separate reparts. This
report is one of thern. In addition a summary report will be issued as well as a report from an
independent subcommittee for integration.




Abstract

The Alligator Rivers smdy is based on work conducted at the Koongarra uranium deposit in the
Alligator Rivers Region about 200 km east of Darwin, Australia. The Alligator Rivers Analogue
Project (ARAF) was set up in 1987 and was later included as a test case in both phase I and 2
of INTRAVAL. The cbjective was to develop 2 consistent picture of the processes that have
controlled the transport i the weathered zone of the Koongarra ore deposit and the time scale
over which they have operated.

Uranjum mineralisation occurs at Koengarra in two distinct but related ore bodies, Primary
mineralisation in the main ore body is largely confined to quartz-chlorite schists and secondary
uraniura minerals are present from the surface down to the base of weathering at about 25 m
depth and forms & tongue-like body of ore dispersing downslope for about 80 m. The primary
ore body at Koongarra is estimated to be 1000 million years old and geomorphological
information indicates that weathering started a few million years ago.

The work included in INTRAVAL phase 1 was mainly concentrated to hydrogeological and
gecchemical modelling which produced results that in INTRAVAL phase 2 were used in
modelling simulations of the uranium migration. The moedel concepts appiied in the migration
modelling were based on rather simple performance assessment models accounting for
advection, dispersion and linear sorption in one or (wo dimensions. One 1-D model was
extended to include «-recoil and transfer between solid phases. The vertical movement of the
weathering front was included in the 2-D model.

Stidies of the Alligator Rivers Nawral Analogue has demonstrated that the system is very
complex. The interaction of many geochernical and gechydrological processes occurring over
long times makes it difficult to create a quantitative mode? of the history of groundwater flow
and nuclide transport. The stedy has shown the importance of a joint interpretation of different
types of data and an iterative procedure for data collection, data interpretation and modelling
in order to get a consistent picture of the evolution of the site, Furthermore, it was shown that
sorption is a major retardation mechanism, that uranium fixation in crystailine phases is a
potentially important retardation mechanism in geologic media where significant alteration of
the rock is expected, and that «-recoil may have an impact on the distribution of uranium
1sotopes i the water. Modelling simulations indicated migration times in fair agreement with
ixlependent geomorphological information. A general conclusion from the INTRAVAL siudy
is that rather simple and robust concepts and models seem able to adequately describe the long
range migration processes that have occurred.
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1 Introduction

The uranium deposit at Kocngarra in the Altigator Rivers Region of the Northern Territory in
Australia has been thoroughly investigated for various purposes, initially with the intention to
develop an uranium mine, but later on as z research facility with the intent to get an
understanding of processes that have acted upon the original uraninm ore and have resulted in
the present uranium deposit. Due to the character of the deposit, it has served as a so called
natural analogue in order to improve the understanding of the migration of radionuclides from
the ore body over the past ages and to give a basis for better possibilities to forecast the future
development of radioactive waste repositories,

Mathematical models applied for radiomuclide migration calculations from a repository must be
evaluated in terms of the validity and reliability of the predictions, One procedure is then to
compare mode] predictions with experimental cbservations, Here, information from laboratory
experiments, field experiments and natural analogue studies are needed. Laboratory and field
experiments yield information on relatively short time scales, Natura! analogues may be viewed
as naturally occurring experiments that have continued over long time periods. They may
therefore provide important information regarding the understanding of the scientific basis for
the long term prediction of radiomiclide migration within geological eavironments that are
relevant to radioactive waste repositories.

The modelling work of the Alligator Rivers test case in INTRAVAL phase 1 was a joint venture
between The Alligator Rivers Analogue Project {ARAP) and INTRAVAL. Both ARAP and
INTRAVAL were set up under the auspices of OECD Nuclear Energy Agency. The ARAP
shudy was completed in 1992,

The modelling work of this test case during INTRAVAL phase 1 was mainly focused on
hydrology, geochemistry and geochemical processes, The main aim of the phase 1 modelling
was to obiain a conceptual platform for the migration modelling in phase 2. Participants were
University of Arizona (USA), RIVM (the Netherlands), AEA Technology Harwell Laboratory
{United Kingdom), Johns Hopkins University (USA), CSIRO (Australia), ANSTO {Australia)
and Kemakta/SKI (Sweden).

The main objective of the Alligator Rivers test case in INTRAVAL phase 2 was to develop a
consistent picture of the processes that have contrelled the transport in the weathered zone and
the time scale over which they have operated. Another objective was to test and evaluate models
and concepts used in performance assessment of radioactive waste repositories. The main
contributors to the test case in INTRAVAL phase 2 were the National Institute of Public Health
ard Environmental Protection (RIVM) fvan de Weerd et al. 1994] and Kemakta Konsult
{Skagius et al. 1994]. The results of their work are summarised in this report. It should be noted
that additional migration modelling has been carried out by ANSTO and cther organisations
within the ARAP. The ARAP work is only briefly described in this report.







2 Test Case Description

21 Overview

The Koongarra uranium deposit in the Alligator Rivers Region, 225 km east of Darwin in the
Northern Territory of Australia, is one of four major uranium deposits discovered in the area.
The deposit is located close to the prominent Koongarra Reverse Fault in a quartz-chlorite schist
of the lower member of the Cahill Formation. Modelling studies of radionuclide migration at
the site have indicated that the time scale of the uranium mobilisation from the primary ore is
ef the order of one or a few million years. Consequently, the Koongarra uranium ore zones
should provide a goed test case for the validation of hydrogeological, geochemical and
radionuclide transport models.

The extensive investigations of the site performed within the ARAP project can be divided into
four broad categories: analysis of the radionuclide distribution in rock samples and rock
fractures, study of the role of groundwater and colloids in radionuclide transport, analysis of in
situ production and mobilicy of long-lived fission products and transuranic nuclides, and
development of medelling codes and evaluation of the Koongarra site for modelling studies.

The ARAP programme has resulted in a large amount of data characterising the site.
Hydrogeologic data were collected from drawdown and recovery tests and water pressure tests.
(Geologic data are based on mineraiogic and uranium assay logs of percussion holes and drill
cores. Groundwater chemical data were accumulated from a large number of borgholes.
Distributicn of uranium, thorium and radium izotopes was determined in different mineralisation
zones. Laboratery sorption experiments were performed using samples from bore cores.
Distribution coefficients were measurad on natural particles in Koongarra groundwater.

2.2 Geology

The natural uranium mineralisation occurs at Koongarra in two distinct but related ore bodies,
separated by 100 m of barren schists, which strike and dip broadly parailel to a fault, the
Koongarra Reverse Fault. The main ore body {ore body 1), which is the subject of this study,
persists to 100 m depth. It has a strike length of 450 m and a width that averages 30 m at the top
of the unweathered schists (Figures 2.1 ard 2.2).

Arn overview of the data that is available from the Alligator Rivers site is found in this section.
A more comprehensive compilation of available data is given in Appendix 1.
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The primary ore consists of pitchblende or uraninite-uranium dioxide veins and veinlets which
either foilow or cross-cut the layering in the schist, Minor amounts of scattered sulphide
minerals, primarily galena (PbS), chalcopyrite (CuFeS,) and pyrite {FeS,), are associated with
the high-grade ore. The schist is weathered from the surface down to a depth of 25-30 m. In this
weathered zone, another secondary uranium mineralisation, consisting of uranyl phosphates,
forms a tongue-like fan. Away from the tail of the fen, uranium is dispersed in the weathered
schists and adsorbed onto clays and iron oxides. The dispersion fan of ore-grade materials
extends down-slope for about 80 m. The transformation of the original primary mineralisation
zones into the present secondary minerals is perceived to have taken place during a period of
well over one million years.

The upper extension of ore body 2 is located about 30 m below surface, which is below the base
of weathering, As no weathering has occurred and no known mobilisation of uranium has taken
place from ore body 2, it has not been studied further within ARAP.

23 Hydrology

Koongarra, in common with much of nerthern Australia, has a monsoonal climate with almost
all rainfall occurring in the wet season between November and March. This causes a fluctuation
in the water table of 5-10 m between the wet and dry seasons.

The time of the onset of the present mensoon climate in the region is not clear. Investigations
indicate that periods of wetter climate than at present have occurred, but also that extreme
reductions in precipitation have coincided with glacial maxima. It has been concluded from the
available information that precipitation levels similar to those of today have prevailed in the
area for the last 10 000 years [Wyrwoll, 1992}, During the last 700 000 vears, the climate has
probably shifted between dry glacial periods that have been lasting for about 100 000 years, and
interglacial periods lasting about 10 000 years, with conditions similar to the present.

Interpretation of the present hydrology at the site suggests that recharge of groundwater to the
weathered Cahiil schists occurs via downflow parallel to and in close proXimity to the reverse
fault In the underlying Kombolgie sandstone and schists /Duerden, 19927, Although the fault
zome breccia was found to be practically impermeable, sormme water has been observed to flow
from the Kombolgie sandstone into the schists via cross fractures that offset the fault. Once in
the schist, the groundwater flow is towards the south and south-east, away from the sandstone
cliffs behind the deposit.

The unweathered quartz-chlorite schist is a fractured crystailine rock, in which most of the water
flow takes place in the fractures, As a result of weathering processes, the fracture system
becomes less prominent and the flow characteristics change from being fracture dominated to
being mainly matrix dominated. The weathered schist thus acts as a medium with high porosity
and low permeability. The weathered zone appears to limit downward circulation of water and
more of the water emtering the system flows through the weathered zone than through the
unweathered schist. However, the preferential groundwater discharge seems to oceur in the
surficial deposit of sand and gravel because of the much higher transmissivity of those materials.
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The proportion of the flow that enters the deep hydrogeclogical units is quite small, compared
to the upper units, and the flow passes mainly through the weathered zone fTownley, 19927

2.4 Hydrochemistry

The chemistry of the groundwater shows a graduat change as the water passes along the aquifer
paths. The two major sources of groundwater entering the flow-system of the deposit are direct
infiltration from the surface and movement across the fault. The changes in composition result
from mixing, dilution, dissotution (and possibly precipitation) of minerals, adsorption/desorp-
tion, evaporation and outgassing. '

During the wet season, surface waters will comprise recent rainwater, whereas in the dry season
the composition will be more influenced by groundwater inflow. Measuremenis during the wet
season have shown that the surface waters are slightly acidic with low alkalinity, conductivity,
and cerrespondingly low levels of dissolved constituents. In the sampled dilute surface water,
sodium and chloride were the only species present in significant concentrations. This is typical
of rainfall that always contains some traces of dissolved sea salt originating from the evaporation
of droplets of seawater fDrever, 1988].

The groundwaters in the weathered zone are oxidising, as they are essentially surficiat. The
conditions are slightly reducing below the base of weathering which is also indicated by the
presence of praphite and sulphides.

The groundwater in the mineralised zones of the Cahill formation is almost neutral with a pH
close to 7. It contains vraninm in concentrations of 100-500 pg/dm?, variable phosphate
concentrations up to 600 xg/dm® and bicarbonate concentrations above 100 mg/dm?.

Magnpesium is an important ¢lernent in the groundwaters at Koongarra, since it is released by
weathering of chloritised schists of mine series host rock. Magnesium is the dominant cation in
the groundwater with concentrations around 25-30 mg/dm’ at the intersection with ore body 1.
Other important cations are sodium, potassium, calcium, silicon ard iron. Also small amounts
of manganese and copper are found.

Bicarbonate, HCQ,, is the main anien in Koongarra groundwater, being present at
concentrations up to 160 mg/dm> near the centre of the ore body. The concentrations are lower
beth up-gradient and down-gradient from the cre. Other anions present in the groundwater are
phosphate, chloride, fluoride and sulphate. The content of organic components in the
groundwater at Koongarra is minor.

Groundwater from the boreholes at Kocngarra show a very low concentration of thorinm.
Almost all the thorium is associated with particles above 1 pm in size, whereas most of the
uranium in the groundwater is dissolved. The only significantly enriched elements in the
colloidal fraction (< 1um) are iron, thorium, actinium and nraninm.




2.5 Radiochemistry
Uranium in Groundwater

Uranium levels in Koongarra groundwaters have been measured to provide an adequate basis
for a general understanding of the chemistry of the system. The aim was to quantify uranium
concentrations as a function of distance from a suitably defined origin.

The P**U/*U ratio has been analysed in groundwater samples using ee-spectroscopy. Often this
ratio was found to be below unity, with values as low as 0.65, which indicate preferential
mobility of **3U. This is contrary to what is commonly found in geclogic systems. Particulary
low values were found in the region of the dispersion fan. This agrees well with soiid phase data
for the readily extractable portion of core samples from this region,

Thorium in Groundwater

Since thorium is a possible chernical analogue for several components of the nuclear waste,
inchuding plutonium, an analytical programme was established to study therrum in Koongarra
groundwaters. Measured levels of dissotved thorium were near to or below the detection limit
of the analytical method employed, in spite of the presence of readily measurable concentrations
of Th in the solid phase. The results show that 2Th is highly immobile at Koongarra, This
is in agreement with the behaviour of many natral systems, except for very saline groundwaters
or in the presence of organic complexants.

Uranium in Solid Phase

Orte grades up to about 30% uranium are found in some parts of the unweathered primary ore
zone. Uranium concentrations greater than 200 pg/g follow the base of the weathering of the
transition zone for about 80 m from the primary zone, Beyond this point the deposited uranium
is concentrated at the top 3-10 m below the surficial sands,

Distribution of Uranium and Thorium in the Solid Phases

Selective extraction procedures have been used on rock samples to explain the distribution of
uranium and thorium on the basis of the mineral composition of the rock {Edghill, 1990, Yanase
1990}. The concentration of uranium and thorium and the 23401/238, 230Th/234(J apnd 226Ra/230Th
activity ratios have been determined in amorphous and crystalline phases of the rock samples.
The amorphous material was defined as a poorly ordered material, accessible to and in
approximate equilibrium with the groundwater, The crystalline phase was defined as highiy
ordered materials (hematite, goethite, clays and quartz) which contained species inaccessible to
the proundwater,
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A large proportion of the uraniurn and thorium has been found to be associated with amorphous
phases and adsorbed onto iron oxXides and clay minerals. The uranium is possibly accessible to,
and at near equilibrium with the groundwater. Areas upstream to the ore body show the largest
leaching of uranium. The fastest accumulation of uranium seems to have occurred near the
centre of the dispersion fan, close to the base of weathering at the edge of the fan. There is
possibly a preferential movement and accumulation of wanium just above the base of
weathering.
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3 Data Examination
3.1 Kemakta

The data examination by Kemakta was primarily focused on the data required for the modelling
of the selected system, such as the distribution of uranium in the bulk rock and its individual
mineral phases. Radiochemical data were used to study alternative processes of radionuclide
migration. Groundwater chemistry data were not employed by the Kemakta teamn due to the large
variation in the uranium concentration in the groundwater and the uncertain Eh values that have
been reported.

31.1 Groundwater Chemistry

The examined groundwater chemistry data originate from samplings carried out in May 1988,
November 1988, March 1989, May 1989, June 1989 and October 1989, All data were distributed
on floppy discs, with the exception of the data from the sampling in October 1989 fPayne 1989].
Additional samplings and analyses of groundwater have been carried out since Kemakta
compieted the data examination fPayre et ol 1992].

The uranium concentrations in the groundwater from different sampling occasions show large
variations. No clear trend, such as an increasing or decreasing concentration with depth, can be
seets, The highest concentrations of uranium were found in samples from holes located in the
zone of the ore body 1 (holes W1, PH49 and W4). Maximum, minimum and mean concentrations
in water samples from these holes are given in Table 3.1.

Table 3.1 Uranium concentrations in water samples taken from hole Wi, PH49 and W4 at

indicated depths.
Hole Depth (m) Uranivm concentration (mg/m>)
Max Min Mean
Wi 10-30 755 (May 89) 4.3 (Oct, 89} 210
W4 10-30 377 (Oct. 89)  10.4 (Mar. 89) 292
PH49 2030 265 (May 88} 94 {Nov. B8) 155

Eh and pH values have been reported for the samplings in May, 1988 and November, 1938,
Reported Eh values range from +45 mV to +280 mV and indicate a rather oxic system with high
redox potential at larger depths, a result that is somewbat doubtful. The pH values at depths
larger than 20 meters range from about 5.8 to 7.3, with most of the values lying between 6.5 and
7.
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Due to the large variations in the uranium concentration in the groundwater and the strange Eh
values reported from the site, Kemakta decided not to use these data for comparison with results
from modelling of uranium migration in the weathered zone. It should be pointed out, however,
that Kemakta did not study the later data that has been reported in [Payne et al 1992],

3.1.2 Uranium Concentration in Solid Materials

Uranium concentrations in solids at the Koongarra ore deposit have been collected and reported
within ARAP. Most data originaie from the 6110 mN ransect that include holes DDHS2, DDHI,
DDH2, DDH3, PH55, DDH4, PH58, PH60, PHBY and PHYC (Figures 3.1 and 3.2). However,
from these data it is difficult to get a detailed picture of the actual size and extension of the ore
body and the dispersion fan in all directions. A large data set also exists of average uranium
concentrations over 3 m dnilcere sections obtained from exploratory drillings made by the

mining company.
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Figure 3.1, Plan view of the site showing surface projection of ore bodv ! and borehole
locations.

Kermnakta has examined and compared the uranium concenirations in the solid phase in both small
{1g) and large (3 m drillcore) samples in different directions, with the aim to investigate how
representative data from the small samples are for large rock volumes, A 3-D representation of
the uranium concentration in the sclid phase was obtained by kriging of the 5 m drillcore data.
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Figure 3.2. Area of transect 6110, from which most of the data used by Kemakta were collected,

Uranium Concentrations in the Solid Phase along the 6110 mN Transect

Uranium concentrations in the solid phase have been reported in several ARAP Progress Reports,
The data referred to in this text are from a compilation made by different researchers [Yanase,
April 1988], {Yunase, August 1988/, [Nightingale, 1988], {Sekine et al., 1988], [Edgehill, 1989].
Their data have been collected from analyses of small samples, approximately 1 g in weight, The

small sumple size must be considered in judging how representative these data are for the much
larger system that is being studied.

Most data are from samples at the transect including the holes DDHS52, DDHI1, DDH2, DDH3,
PH55, DDH4, PHSR, PH60, PHEY and PHIO { 6110 mN in Figures 3.1 and 3.2). The Kemakta
team has pletted bulk uranium concentrations of samples from 10 to 20 m depth and from 20 to
30 m depth versus sample position in metres East (Figure 3.3).
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Figure 3.3, Kemakta, Gbserved uranium concentrations in solid samples from 10-20 m

and 20-30 m depth in the transecy 611} mN.

At the depth interval 10-20 metres, the uranium concentrations lie within 500 to 1000 mg/kg up
to about 3200 mL., where they drop to 1-10 mg/kg. A peak with concentrations up to 4000 mg/kg
i5 found at 3120 mE, which is in the sccondary mineralisation, ncar the outer cxtension towards
the fault. The concentrations in the depth interval 20-30 metres are more scattered, This may be
due to variations in the vertical extension of the secondary mineralisation and the dispersion fan,

All data reported in the ARAP Progress Reports were compiled in an attempt to find trends in
the solid vranium concenirations at different directions of the site. The mean concentration of
each hole was calculated in the depih intervals 0-10 m, 1020 m and 20-30 m. The highest
concentraions were found in holes DDH1 and DDHG68 located in the dispersion fan near the
interface to the secondary uranmium mineralisation. Beyond that area, the congentration seems to
decrease in all directions. A similar trend was found for the depth intervals 10 to 20 m and 20 to
30 m. An analysis of all the uranium data showed the highest concentrations L be located in the
arca around the interface of the secondary mineralisation and the dispersion fan ut about
6110 mN. Beyond this arca the concentration scems to decrease in all directions, as for the 0—10
m interval.

3-D View of Observed Uranium Concenirations in Solid Phase

The Kemakta team vsed a data set of average uranium concentrations aver 5 m drillcore sections
fron1 drillings imade by the mining company to get a detailed picture of the actual size and
extension of the ore body and the dispersion fan tn varous directions. 3-D representations of
obscrved average uranium concentrations were obtained by kriging these data. The kriging theory
behind the calculations has been briefly described by Skagius et al. [Skagius et af 1994, The
tacation of the block is shown in Figure 3.4.
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Figure 3.5 shows the uranium concentration in plan view at different depths. Close to the surface
(Figure 3.5a), the highest uranium concentrations are found in an area around 6100-6200 mN,
close to the boundary between the ome zone and the dispersion fan. High coneentrations are also
present in the north-cast part of the ore zone at about 6300-6380 mN. The areas with high
uraniunl concentrations in Figure 3.5 are separated by a thin violet arca which normally depict
very low concentrations, but may also be interpreted as areass, in which the uranivm
concentrations could not be predicted, due to the fact that the closest observation points were not
within the calculated correlation length.

(T A
ijiFi

an
-
e -
s [renn
-—'T —
]

Figure 3.4. Location and size of 3-D block where uranium concentrations have been depicted

Uranium is also found close to the surface south-west of the orc body. Unfortunately, this ares
is not well characterised, which is reflacted by the appearance of areas in which the vranivm
concentration could not be predicted using the observed concentrations. Elevated uranium
concentrations seem Lo extend as far as to the row of holes at 5865 mN (Figure 3.5a).

Uranium concentrations in the planes at 12 m and 21 m depths are shown in Figure 3.5b and 3.5¢.
The arca with high uranium concentrations in the centre of the ore body is larger at these depths
compared to what is found at the surface. The appearance of a scparate area with high
concentrations 1n the north-east part of the block ut these depths is most likely an artifact caused
by the lack of data for this particular part of the site. The dispersion of uranivm in the south-
westerly direction s more pronounced at these depths than in the surface layer.

At a depth of 30 m (Figure 3.5d), the uranium concentration in the centre of the ore body appears
ta be lower than closer to the surface, and the area with clevated concentration is not as broad as
al more shallow depths. At still larger depths, 39 m (Figure 3.5¢), the shape of the zone with
elevated concentrations is similar to that at 30 m depth. The weathering front is located at
approximatety 30 m depth. At the 30 m level and below, essentially no dispersion of uranium has
taken place. The area with elevated concentrations is therefore more narrow than at depths above
30 mt, at which the rock is weathered and uranjum dispersion has occurred. The south-westerly
dispersion plume scems to vanish al depths below 30 m.
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The dispersion of uranium in the weathercd zone above 30 m depths is more clearly seen in
Figure 3.5d, which depicts the uranium distribution in north-west to south-east cross-section at
about 6110 mN and in 2 north-east 1o scuth-west at about 3160 mE, In both cross-sections the
arca with clevated concentrations is more enlarged above 30 m depth than below. In the north-
eust to south-west cross-section @ band with zero concentrations is present that reflects the lack
of observation points at this location.

The result fron the kriging of observed uranium concentrations indicates that uranium dispersion
has occurred in the weathered vone in the direction from the fault towards south-east. Tn addition,
the results indicate the presence of a uranium dispersion plume more to the south. This latter
finding is consistent with interpretations of hydrogeologic and groundwater chemistry data which
suggest that the direction ol the present day groundwater flow is more toward the south than
south-east.
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Figure 3.5. Kemakta, Plan view of uranium concentrations { mgikg), a} at surface, b) at 12 m

depth, ¢} at 21 m depth, d) at 30 m depth and e} at 39 m depth according ta the
colour scale.
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[raniam Concentrations in Small Samples and in 5 m Cores

The large data base from the explovatory drilling include average uranium coneentrations in 5 m
long scctions of drill cores, but contains no information on the distribution berween different
uranium 1selopes or the concentration of thorium. Data are only available from radiochemical
analyses of very small samples. To invesligate the representativeness of data from analyses of
sinall samples, uranium concentrations from these analyses were compared with corresponding
data fromm anatyses of the 3 m cores from the exploratory dnlling.

The observed uranium concenirations in solid phase in the lransect 6110 mN (Figure 3.2) from
small sample analyses and from the exploratory drillcore logs are shown in Figure 3.6. The
uranium concentrations of small samples at different arcas of the site were generally quite similar
to the average concentrations of the 5 m cores. The urantum concentrations in the small sample
sgemed Lo be somewhat higher at depths above 20 m in the ore zone and the dispersion fan. Bath
scts of data gave the same picture of the shape and location of the concentration front. From this
analysis it can be concluded that the vranium concentration in the solid phase at the selected
transect is equally well represented by the two sets of data.

A similar comparison between data from small and large sampies in a direction deviating about
45 degrees from transect 6110 mN towards south, is shown in Figure 3.7. 1n this direction, the
iarge sample data indicate higher uranium concentrations in the ore zone al depths between 10
and 20 m than is apparent from the small sample data. Both sets of data give a similar view of
the shape and location of the concentration front. Further out from the ore zone the large sample
data show higher concentrations than the small sample data.

The main difference beltween the observed uranium concentration versus distance in the two
studicd dircctions is the concentration level at distances beyond 200 m from the upstream
boundary of the ore zone {3100 mE}. In the transect 6110 mN, ie. in the south-east direction
from the upstream boundary, the concentration is approximately one tenth of the concentration
in the south direction {Figures 3.6 and 3.7). This 15 another indication of that uranium has
migrated a longer distance in the south direction than in the south-east direction.
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3.1.3 Radiochemical Data

A large amount of radiochemical data is available from analyses of bulk rock samples and
individual mineral phases. As only small size samples have been analysed, they might not afways
be representative for larger volumes of the rock. Most data are obtained from samples at the
section along the 6110 mN gridline. The relative distribution of uranium series nuclides may give
some information on the evolution of the dispersion fan. Kemakta has analysed the activity ratios
in bulk rock samples and in individual mineral phases that are presented at different locations and
at different depths along the transect 6110 mN.

Bulk Rock Samples

Uranium concentrations and activity ratios for 2U/2*U and P"Th/ **1J along the transect
6110 mN at different depth jntervals are shown in Figures 3.8, 3.9 and 3.10. Between the the
surface and 10 m depth, the activity ratio of **U/***J s approximately 1 and it is independent
of the distance from the upstream boundary of the ore zone, except close to the upstream
boundary, where a few values are higher than 1 as can be seen in Figure 3.8. This deviation
indicates a selective leaching of “*U close to the upstream boundary of the ore zone. The
BOTh/2*U activity ratios of 1 to 2 close to the upstream boundary are probabiy the result of a
selective leaching of uranium relative to thorium. The activity ratio seems to decrease with
distance to values below ! further away from the ore zone. This suggests 3 more recent
deposition of uranium further away from the upstream boundary of the ore zone. When the
uranium concentrations drop to very low values, the 2*Th/®*4J activity ratios increase to values
well above 1. This can again be the result of selective leaching of uranium over thorium, ¥ should
be noted that the uranivm concentrations far away from the ore zone are very low and that the
uncertainty in the data probably is large.

At depths between 10 and 20 m, the *U/7*U and BT/ ratios seem to decrease slightly
with distance from the upstream boundary of the ore zone (Figure 3.9), The fact that the
FOTh/MU activity ratios were found to be above 1 close to the upstream boundary may indicate
a selective leaching of uranium. Several of the ***Th/®*U activity ratios are well above 1 2t
depths between 10 and 15 m further away from the ore bedy, where the uranium concentrations
are low. This might as well be due to selective leaching of uranium or to uncertainties in the data
because of low concentrations. '

The activity ratios at depths between 20 and 25 m decrease with distance until the uranium
concentration drops (Figure 3.10). This trend is not seen at depths between 25 and 30 m, but the
zone with enbanced uranium concentrations is not so extended in the studied direction as it is
closer to the surface at these depths. The **Th/3U activity ratios near the upstream boundary
of the ore zone do not indicate preferential leaching of uranium over thorium at the depth interval
2510 30 m.
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Figure 1.8, Kemalkia. Uranium concentrations and activity ratios in bulk rock samples in the
depth intervals 0-5 m (left} and 5-10 m (right).
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Figure 3.9. Kemakta. Uranium concentrations and activity ratios in bulk rock samples in the
depth intervals 10-15 m (left) and 15-20 m (right).
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Figure 3.10, Kemakta. Uranium concentrations and activity ratios in bulk rock samples in
the depth intervals 20-25 m (left} and 25-30 m (right).
Individua! Mineral Phases

Uranium and thorium concentrations and activity ratios have been determined in 'amorphous’ and
“crystalline’ phases of drillcore samples using selective extraction procedures fDuerden, 1992},
The amorphous phase is defined as a poorly ordered material, such as ferrihydrite, accessible to
and in approximate equilibrium with groundwater. This phase is in the following referred to as
the accessible phase. The crystalline phases are highly ordered materials such as hematite,

goethite, clays and quartz with contained species inaccessible to the groundwater, This phase is
in the following referred to as the inaccessible phase. Species adsorbed to the surfaces of
crystalline phases, mainly iron oxides and clays, are accessibie to groundwater and are therefore
considered belonging to the accessible phase.

Observed uranium concentrations and 2U/22U and P*Th/**U activity ratios in the accessible
and inaccessible phases along the transect 6110 mN are shown in Figures 3.11 and 3.12. Most
of the uranium seerms to be contained in the inaccessible phase, The Z*U/2¥J activity ratios in
the inaccessible phase in the zone with high uranium concentrations are equal to or higher than
1, with the highest values close to the upstream boundary of the ere zone. The activity ratios
show a similar trend in the accessible phase with a decrease with distance in the zone of high
uranium concentrations, but the valves are considerably lower and not e¢xceeding 1. The few
available data poinis in the depth interval 25-30 m, which is just above the base of weathering,
are illustrated in Figure 3.12.
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The P78 activity ratios illustrated in Figures 3.11 and 3.12 indicate an accumulation of 23U
in the inaccessible phase and a depletion in the accessible Bhase. This may be an effect of a-
recoil, transferring , the short-lived daughter nuclide of “**U and parent nuclide of 2*U, into
the inaccessible phase. The decrease in the activity ratio of both phases with distance from the
upstream boundary of the cre zene suggests a more recent deposition of uranium that has moved
downsiream along the transect. At the distance where the uranium concentration steeply drops
to low values, the activity ratios in the accessible phase start to increase with increasing distance,
except at the depth interval 25 to 30 m. At approximately 200 m and further away from the
upstream boundary of the ore zone the activity ratios in both the accessible and inaccessible
phases are close to 1. This suggests that uranium in that area was deposited a long time ago,
maybe when the primary ore was formed, and that the uwraninm concentrations there should be
considered as being backpround levels.

The trend in the **Th/2*1J activity ratio in the accessible phase is similar to that of the 29U/2%
activity ratio with values close o 1 a1 the upstream boundary of the ore zone, The ratio has a
minimum at the uranium concentration front and higher values are found at distances further
away from the ore zone. This finding does not contradict the suggestion of a more recent
deposition of uranium close to the concentration front. However, the activity ratios well zbove
1 at long distances are not consistent with the assumption of background levels of uranium in this
area. It is rather an indication of a preferential removal of uranium over thorium that has taken
place more recently. The general trend towards “°Th/2*U activity ratios above 1 in the
inaccessible phase can be due to recoil transfer of **°Th from accessible to inaccessible phase.

Review of Radiochemical Data. Conclusions

The observed activity ratios, especially in the accessible phase, decrease with distance from the
upsiream boundary of the ore zone within the dispersion fan, but incresse at distances beyond the
concentration front, as the uranium concentration reaches background levels. The activity ratios
in the accessible phase are generally lower than in the inaccessible phase, indicating a more
recent deposition of uranium in the accessible phase and/or a preferential transfer of ***U and
20T from the accessible to the inaccessible phase, for example as a result of a-recoil.

The data seem to follow the same pattern in the entire weathered zone, except in the surface layer
just ahove the base of weathering, Due to present day monsoonal climate of the area, the
kydraulic conditions in the near-surface layer vary between a dry, unsaturated state during the
dry season and fleoding causing high flow rates close to the surface during the wet season.
During the dry season, the water table may be lowered as much as 10 m. This fluctuitation in the
water table and the variation in water flow in the surface layer may influence the redistribution
of uraninm and the activity ratios in the upper 10 m of the weathered zone.

Just above the base of weathering the data indicate a shorter migration distance for uranium than
in the rest of the weathered zone. This is probably because the cenditions at the interface beiween
weathered and unweathered rock, such as minimal weathering of the rock and low water flux, are
not favourable for eranivm dissolution and migration.
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3.2 RIVM

One of the most important features of the uranium mineralisation at Koongarra is the occprrence
of abundant secondary uranium minerals, principally within the dispersion fan above ore body
1. At present, it is believed that the dispersion of uranjum started, when the lower boundary of
the weathered zone reached the top of the ore body, and that it has virtually stopped in those
parts of the formation that are completely weathered and mrned into clayey material. The
dispersive transport is therefore assumed to take place in the transition zone of the weathering,
where the flow velocity is highest and thus the dispersion rate is largest. Flow and transport are
assumed to be mainly horizontal in the transition zone. Thus, one may identify three different
layers:

— atop, fully weathered layer, in which no significant dispersion takes place

- an intermediate, partially weathered layer (the transition zone) moving downward as the
weathering proceeds, in which the groundwater velocity is the highest and the dispersion rate
is the largest

- a lower, unweathered zone, in which no dispersion of uranium occurs,

It might be expected that the magnitude and direction of the average flow velocity and transport
have changed repeatedly during the past two miilion years, which is the estimated age of the
dispersion fan. Such variations would result in different dispersion distances and directions at
different depths, The form of the dispersion fan at different depths together with a reasonable
estimate of the downward movement of the transition zone would then provide information
about the direction and magnitade of flow and dispersion during the past two million years.
However, this would be the case only if transport is negligible at all places, except in the
transition zone of weathering, This hypothesis of transport taking place in the transition zone
was tested by analysing available solid phase uranium concentration data, In addition, the
distribution ratio of uranium between the solid phase and the water was studied,

The processes involved in the mobilization and imrnobilization of radionuclides must be
understood prior to the modelling of radiomiclide transport from the ore body. A preliminary
geochemical swdy was therefore performed during INTRAVAL phase 1 to identify the
pracesses that have resulied in the present occurrence of uranium in the Koongarra ore deposit.

321 Changes in dispersion distance and direction with depth
The concentration of uranium in the solid phase has been analysed and reported within the
ARAP project. RIVM has presented all available data as contour plots at different depth

intervals to get an overview. The migration distance and the main direction of dispersion were
estimated from these plots (Figures 3.13a-f).
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Figure 3.13 a-c RIVM. Contours of solid phase uranium concentrations (100 and 1000 mg/kg)
at different depth intervals: a) 25-30m, b} 20025 m, c) 15-20 m.
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Figure 3.13 d-f RIVM. Contours of solid phase uranium concentrations (100 and 1060 meglkg)
at different depth intervals: d) 10-15 m, e} 5-10m, ) 0-5 m.

The 100 and 1000 mg/kg contour lines of the solid phase uranium concentration are given in
plan view. The contour lines in each figure represent measurements within a depth interval of
5 m, ranging from a depth of 30 m (the top of the unweathered schist) up to the present soil
surface. Figure 3.13a shows the distribution of uranium in the primary ore body in the
unweathered zone, as well as in the top of ore body 2 which is visible to the right of the main
ore bedy. Figure 3.13b illustrates the uranium concentration contour lines Just above the base
of weathering. It can be seen that the nuclide transport has occurred in an approximately south-
westerly direction. Note that north in the figure is upward and slightly to the right as illustrated
in Figure 3.1. By comparing Figures 3.13a and 3.13b, it may be concluded that the base of
weathering is the lower boundary for the region in which dispersion of uraninm has occurred.
The direction and distance of the dispersion of uranium is toughly the same at the depths
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represented in Figures 3.13c to 3.13e, and in Figure 3.13b. However, the zone with uranium
concentrations above 100 mg/kg is more extended in Figures 3.13d and 3.13e than in Figure
3.13b. From Figure 3,131 it appears that no primary ore is found within the first § m.

The dispersion direction and distance were estimated from the 100 ppm contour lines in Figures
3.13b to 3.13e and are suminarised in Table 3.2. The transport distances and directions were
estimated, assuming that borehole PH49 is located at the center of the ore body. This choice was
based on the fact that this borehole s within the 1000 mg/kg contour at all depths. The transport
distance was estimated by finding the point on the 100 mg/kg contour farthest away from PH49
in the peneral scuth-westerly direction. The compass bearing of the farthest point in relation to
PHA49 gives the main directicn of the transport.

Table 3.2. RIVM. Estimates of dispersion direction and distance based on uranium
concentrations in the solid phase.

Depth (m relative to 25 m Main transport direction Transport distance (m
AHDY {degrees compass bearing)  relative to PH49)
20-25 209° 333

15-2Q 214° 342

10-15 217¢° 340

5-10 221° 336

1 AHD = Australian Height Datum

The results of this data analysis show that the direction and distarce of dispersion is almost
constant with depth. The farthest point on the 100 mg/kg uraninm contour is between 335 m and
342 m away from PH49 and the direction from PH49 is berween 209° and 221° compass

bearing.
The following explanation for these observations can be made:

- The magnitude and direction of the average groundwater flow has not changed significantly
during the past twe million vears.

- Other environmentai factors have played an important role; vertical transport of wranium
cannot be neglected, changes have cccurred in groundwater pH over time, geochemical
processes other than adsorption have been more influential, etc.,

The shapes of the concentration distributions supports the hypothesis that groundwater
movement and dispersion of uranium has taken place mainly in the transition zone. As there are
no observations at Koongarra of a decrease of the dispersion distance with depth, there are no
signs of a significant transport of uraninm in the fully weathered top layer. Furthermore, the
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shape of the concentration distribution indicases that the direction of groundwater flow does not
seem to have changed significantly during the past few million years,
3,22 Distribution coefficients of uranium

The distribution ratio (R,;)) of uranium is the ratio between the mass of uraniem in the salid phase
and the mass of uranium in solution:

p,(1-7) o
R, =—2- °X (Eq. 3.1}

4 n C
In which:
R; = Distributicn ratio [-]
g, = Rock density [M-L7]
n = Porosity {-]
Q = Bulk rock concentration [M-M-]
C = Concentration in solution [M-L%

The quotient of Q and C is referred to as the partition coefficient P. In case of linear sorption,
the P-value is constant (independent of C) and referred to as the distribution coefficient K,
(L’'M"). Data analysis for Koongarra showed that the P-value calculated using the bulk rock
uranium concentration, denoted by Py, ranges from 1 to 52 m¥/kg [Edis et al., 1992].
Calculation of a partition coefficient based on the concentration of accessible uranium of the
bulk rock phase, denoted by P,, suggests a value in the range of 0.4 to 1 m*/kg [Edis et al,
1992}. In the weathered zone, uranium appears to be mainly associated with secondary oxides
of iron. The difference between the P, and P, values possibly reflects the fact that the early
association of uranium with iron oxides becomes inaccessible {no longer in equilibrium with the
solution) as a result of the aging of this mineral.

The use of bulk rock data for determining distribution coefficients, unambiguously overestimates
the "equilibrivm™ adsorption of uranium onto the solid phases. A more realistic value may
therefore be obtained using chemical extraction data and base the K,-concept on the mass of
uranium in the accessibie phases of the rock, This thesis is supported by the similar activity
ratios of 2U/P*1J in groundwater and accessible phases.

An examination of P-values at different locations along the dominant transport direction gave
no evidence that the processes determining the distribution of uranium between the solid phase
and the solution change with distance. This means that it might be a good approximation to nse
the average P.value as a K, in the transport modelling, keéeping in mind that this is a
simplification of the processes occurring at Koongarra.
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4. Models, Assumptions and Results for Migration Calculations

The migration distance of nranium has been simulated by Kemakta and RIVM for a number of
parameter combinations and model concepts to test whether the observed migration distances could
be predicted.

Both teams based their migration calculations on data that had been deternined and reported within
the ARAP project, e.g. perosity, K, and rock densities, and the extensive hydrological work that
was performed within ARAP as well as within INTRAV AL phase 1.

4.1 Kemakta

The Kemakta team focused their work on caleulations of the dispersion of wranium and daughter
nuclides in the weathered zone, The aim was to test the applicability of rather simple models that
generally are used in performance assessment of radioactive waste repositories.

The modelling work was carried out in several iterations with increasing level of complexity. Each
tteration included a review of available laboratory and field data, selection of the system to be
modelled and a suitable model, and finally a comparison of modeiling results with field
chservations.

In total three iterations were performed in which the following model concepts were applied:

— advection—dispersion model with linear sorption
— advection—dispersion model with linear sorption and chain-decay
— advection—lispersion model with Jinear sorption, chain-decay, n-recoil and phase transfer.

In the first modeiling attermpt, a simple 1-D advection—dispersion model including linear sorption
according to the K -concept was used to simulate the dispersion of uranium in the weathered zone.
This model may be considered as a simple performance assessment model,

In the second iteration, the system was extended to also include the transport of the daughter
nuclides #*U and **Th. In addition, an attempt was made to consider g-recoil in a very simple
manner by assigning a higher K,-value to 2 than to ?!U. Furthermore, the sensitivity of the
results to different combinations of groundwater flux and migration time was studied, as well as the
effects of alternating periods of flow and no flow.

In the third and final iteration, the model was even further extended to include transfer of-
radionuclides between different phases of the rock. Additionally, a mere detailed model description
of w-recoil was used. This model is based on the assumption that radionuclides in the groundwater
are sorbed to accessible phases of the weathered rock (amorphous iron oxides and clays) and that
sorbed radionuclides are further included in inaccessibie crystalline phases of the rock by recoil
effects and recrystallisation of amorphous iron oxides and clays.

As the migration modelling by Kemakta was made during a fairly long time period, the

recommended values for some of the parameters included in the calculations have changed, as more
information became available. This is reflected in the values for the porosity, distribution
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coefficients, water flux, dispersion length and source concentration which have been regularly
updated and might therefore be different in the different iterations.

41.1  Advection—Dispersion Model with Linear Sorption

A simple approach was applied in these initial calculations, The systern examined was the part of
the weathered zone located below the water table, The basic assumptions were that this part of the
weathered zone is homogeneous and that the system has been static at present conditions over the
time-scale considered. '

Uranium in the groundwater was assumed to be transported with groundwater flowing in the
weathered zone. The processes included were: 1-D advection, hydrodynamic dispersion, and
sorption. The weathered zone was assumed to be porous, and sorption of uranium te the solid phase
was assumed to occur instantaneously in proportion to the uranium concentration in the
groundwater (the K -concept). Only migration of 2**U was considered in these calculations.

The uranium migration was further assumed to have persisted during 2 million years. Radioactive
decay was not considered due to the very long half-life of **U, 4.47-10° years.

The uranium migration in the weathered zone was modelled using the advection—dispersion
equation:

oe Fc ac
gl _p & _ B (Eq.4.1)
% T i K

b Eq.4.2
D, - auy + D, L (Ea. 4.2

The 1etardation of uranium is defined as:

e + (1 - e)Kp, (Eq.43)

€

R =

and the relation between solid and liquid concentration of wranium is:

where ¢ = uranium concentration in the groundwater, (Bg/m*)
D, = dispersion coefficient, (m?%/year)
D,, = molecular diffusivity of uranium in water, (m*/year)
K, = distribution coefficient for uranium, {m’/kg)
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¢ = concentration of uranium in solid phase, {Bg/kg)
R = retardation of uranium (-)

i = timne, (year)

x = length coordinate, (m}

¥y = groundwater flux {Darcy velocity), {m*/m?,year)
& = dispersion length, {m)

dp = consirictivity of flow paths, (-)

& = flow porosity, (m*m®)

2, = solid density, (kg/m*)

= tortuosity of flow paths, (-)

The inittal and boundary conditions applied are:

0 forr=0andx>0
cg forx=0andtz0
0 forx=w=and?:z0,

c
&
c

Howo

The advection—dispersion equation was solved using the numerical code TRUMP [Edwards, 19727
which is based on an integrated finite difference method and solves, in general, for transient
potential distributions in multidimensional systems with advection, conduction and source terms,

Data

The porosity and solid density values were set to 30% and 2500 kg/m’, respectively. The value of
the flow porosity is about twice as large as recently reported for matrix flow in the weathered zone
[Emerson, 1992]. However, the mode! output is much less sensitive to these parameters than to the
water flux and the distribution coefficient.

Two values of the distribution coefficient, K, were used in the calculations, 0.1 and 10 m/kg.
These values were chosen based on experimentally determined distribution coefficients fSekine and
Ueno, 1989].

As the hydrology at the site is not very well known, calculations were carried out for different
values of the water flux. The uncertainty in the hydrology is reflected in the values of the water flux,
ranging from 3.2-10 to 10 m/yr which have been reported by different groups in the ARAP, The
following values of the water flux were used in the calculations:

108 miyr This value is of the same magnitude as the Darcy fluxes in the weathered layer
calculated by Lever and Morris [Lever and Morris, 1990] using the NAMMU
code and assuming a highly permeable fault and an aquitard weathersd layer.
A similar value is obtained using hydraulic heads and hydraulic conductivities
reported by Raffensberger and Garven [Raffensperger and Garven, 1989],

0.0l and 0.1 m/yr  These values were chosen based on Darcy fluxes in the weathered zone
(4.7-10° m/yr) caleulated for the case of a highly permeable fault and a
weathered layer that is an aquifer compared to the unweathered layer [Lever
and Morris, 1990].
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1 and 10 m/fyr These values are of the same magnitude as fluxes estimated by Australian
Groundwater Consultants (2-10 m/yr) and previcusly used in modelling the
radionuclide transport at Koongarra [Lever, [986].

The assigned values of the flow porosity and water fluxes give transport velocities ranging from
0.0033 to 33 myr.

A dispersion length of 1 m and a molecular diffusivity of uranium of 6.3-102 m?/yr (2-10°° m%/s)
were chosen in these initial calculations. The value of the dispersion length is representative for
transport distances of 10 to 100 m, according to a compilation made [Gelhar et al. 1985]. Any
possible effects of constrictivity and tortuosity of the flow paths were neglecied in the calculations.

The concentration of dissolved wranium at the source was assumed to be constant in time at a level
of 1000 rngfrn3. This value is saomewhat higher than the highest concentration that has been
measured in greundwater samples from drill holes penetrating the cre body, but semewhat lower
than an estimate of the wranium solubility of 1200 mg/m® obtained with a simple speciation
calculation. This calculation was carried out using the gpeochemical code EQ3 and assuming a
groundwater composition according to results from an analysis of water samples taken from hole
PH49 in May 1988, Calculations were also performed with a source concentration of 100 mg/m’,
This coneentration is somewhat lower than the mean value in the samples from hole W1.

The uranium source was assumed to be located at 3100 mE, which is approximately where the outer
extension of the ore body, towards the fault, is found, .

The data used in the calculations are surmmarised in Table 4.1,

Table 4.1. Kemalta Advection-dispersion model with linear sorption. Data used in the

calculations.
Porosity (m*/m?) 0.30¢
Solid density of rock (kg/m’) 2500
Distribution coefficient (m’/kg) 0.1,10
Water flux (im/yr) 1079, 102, 10°4, 1, 10
Dispersion length () 1
Molecular diffusivity (m?/s) 2-10"°
Concentration of uranium at the source (mg/m°) 130, 1000
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Resulis

The caleulated solid concentration of uranium at different distances from the source together with
available small sample data from the depth interval 10-30 m in holes located along the transect at
about 611G mN are shown in Figures 4,1 and 4.2. The results from the calculations are also
compiled in Table 4 2.

The results presented in Figure 4.1 illustrate that a K ;-value of 0.1 underpredicts the solid uranium
concentration in the dispersed fan. A K -value of 10, (Figure 4.2), overpredicts the solid uranium,
if the concentration of dissolved uranium at the source is 1000 mg/m?, but gives a prediction that
agrees fairly well with observed values, if the source concentration is 100 mg/m®.

The migration distance is independent on the source concentration. The migration distance is well
predicted for the combination of a Ky-value of 0.1 and a Darcy flux of 102 m/yr, Higher water
fluxes overpredict and lower water fluxes underpredict the migration distance, The combination
of a Ky-value of 10 and a Darey flux of 1 m/yr predicts the migration distance fairly well, whereas
a higher water flux overpredicts and a lower water flux underpredicts the migration distance,

With this model, the migration distance is dependent on the ratio Darcy flux to the distribution
coefficient, K, and the maximum solid concentration level is dependent on the product of the fiquid
source concentration and the distribution coefficient. This means that a Darcy flux of 0.1 m/yr, a
Kg-value of 1 m'/kg and a source concentration of 1000 mg/m® will give a concentration curve
similar to the one shown in Figure 4.1, with a Darcy flux of 1 m/yr, a K -value of 10 m’/kg and a
source uranium concentration of 100 mg/m?’,

All these modeliing results are calculated for a migration time of 2 million years. A change in this
entity will affect the migration distance and the steepness of the concentration front. The migration
distance is directly proportional to the time of migration. For example, migration during 1 million
years will result in migration distances half as long as those obtained for 2 miilion years. A shorter
migration time will also result in a steeper concentration front, while the front will be more
dispersed if the time of migration is longer than 2 million years,

Changing the location of the source to 3156 mE, which is approximately where the interface

between the ore bedy and the dispersion fan is found, does not improve the results to any large
extent.
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Table 4.2. Kemabra. Advection-dispersion model with linear sorption. Calculated migration
distances for a travel time of 2 miliion years. The observed migration distonce is about

120 m. :
K4 (m*kg) Darcy flux (m/yr)
10 107 107! i 10
Concentration of disselved uranium at the source, 1000 (mg/m?)
0.1 ~ 120 > 200 > 200 > 200
102 10 ~120 > 200

Concentration of dissolved uranium at the source, 100 {mg/m*}
0.1 Y ~120 > 200 > 200 >200

10 ¥ 10 ~ 120 > 200

I Al cases predicted a too low solid urenium concentration level.
3 All cases predicted a too high solid uranivn concentration level.
B All cases predicted a fairly good solid uranium concentration level.

ID ] = = . i
] Kd=01 m kg
---------- us0.01 m e Co=100 mgl.-'rrn:
- - =000t mSyr Co=100 mgsm a
- — u=0.01 mfyr Co=1900 mg/m,
-e—- u-0.001 m/yr Ce=1000 mg/m
bty 101+ 15
300 15-20 m
Abbad Z0-25 m
IRERN 25--20 T

Solid concentration (mg/kg)

1 LY r T
3100 3150 4200 4250 4300 S0 4400
mE

Figure 4.1. Kemakta. Advection—dispersion model with linear sorption. Predicted and observed
uranium concentrations along the transect 6110 mN. Source locared at the outer
extension of the ore body. K;=0.1 miikg.
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Figure 4.2. Kemakta. Advection—dispersion mode! with Iinear sorption. Predicted and observed
uranium concentrations along the transect 6110 mN. Source locaied at the outer

extension of the ore body. K =10 m’/kg,

Advection-Dispersion Model with Linear Sorption. Conclusions

Calculations with the simplest model gave resylts that were quite similar to what has been
measured. It should be noted that the migration distance in this simple model concept is determined
by the ratio between Darcy flux and K. Likewise the maximum solid concentration is determined
by the product of Ky and source uranium concentration. This implies that there are an infinite
number of combinations of K -values, Darcy flux values and liquid source concentrations that will
give the same results,

4.1.2  Advection-Dispersion Model with Linear Sorption and Chain Decay

In the second iteration of the mudel]ing work, the system was extended to include also transport of
the 2*UJ daughter nuclides, 2*U and **Th. Otherwise the modelled system and the assumptions
made were the same as in the first modelling attempt, except for some changes of updated input
data in accordance with recommendations from ARAP as well as from conclusions drawn from
previous calculations.

The advection—dispersion equation (Eq. 4.1} was extended to include chain decay, assuming that

the migration of nuclide / in a porous medium with instantaneous and linear sorption is expressed.
as:
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_ '
€R,— = D;j— - up—— - E_,-Ri,-l!»cf + EJ,:R,_I*J.I_ € (Eq.4.5)

with the dispersion coefficient, D;, defined by Eq. 2. The retardations of nuclide / and parent
nuclide i- f are defined as:

. R = Ef * (] B E.f)'Kd.!'pl Ri , = E_f +(1 - Ef)Ki,_;'P,

!
& €

(Egs. 4.6 and 4.7)

and the relations between solid and liquid concentration of the nuclides are;

g, = K;,c, Gy = Kppor6reg (Eqgs. 4.8 and 4.9)

where ¢; = concentration of nuclide { in the groundwater, (Bg/m*)

¢, = concentration of parent nuclide i-7 in the groundwater, (Bg/m®)

Ky, = distribution coefficient for nuclide /, (m*/kg)

K, ; = distribution coefficient for parent nuclide -7, (m*/kg)

R; = retardation factor of nuclide §, (-}

R.; = retardation factor of parent nuclide i- 7, {-)

q concentration of nuclide { in solid, (Bg/kg)

Qi s concentration of parent nuclide i~ in solid, (Bq/kg}

L T [ |

y decay constant of nuclide i, (year™)
Ay decay constant of parent nuclide i-/, (vear')

I

The initial and boundary conditions applied were:
¢=0 forr=0andx>0
¢;=¢y forx=Qandt20

e,=0 forx=w=andtz0.

The advection-dispersion equation including sorption and chain decay was solved using the
numerical code TRUCHN {Rasmusor et o, 1982}, which is an extended version of the code
TRUMP {Edwards, 1972].
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Data

The same values for the porosity and the solid density, 30% and 2500 kg/m?, were used as in the
first modelling atternpt. The dispersion coefficient was calculated assuming a dispersion length of
I or 10 m, and a molecular diffusivity for the radionuclides of 6,3-102 m¥year (2:10° nf/s). The
dispersion lengths are representative for transport distances in porous media of 10 to 100 m and 1G
to 1000 m, respectively fGelhar et al, 19857,

The distribution coefficient for uranium in this second iteration was set to 1 m’/kg, based on
experimentally determined distribution coefficients and field observations of the partitioning
between liquid and solid phase. Distribution coefficient values of 5, 10 and 100 m’/kg were used
for therjum. A water flux of 0.1 m/yr was chosen, based on the results from the first caleulations,
since this flux together with the used distribution coefficient for uranium resulted in a reasonable
transport distance for a migration time of 2 million years.

The uraniutn concentration at the source was assumed to be constant over time at a level of
1000 mg/m’ (12 000 Bg/m®). The two uranium isotopes, 2*U and 2, were assumed to be in
radioactive equilibrium. The concentration of Th in the groundwater at the source was assigned
a value, based on the assumption that *°Th is in radioactive equilibrium with the uranium isotopes
at all times. This may not be the case initially when the mobilisation of uranjum and thorium starts,
but the results from the calculations presented below show that the migration of thorium is not very
sensitive to the thorium concentration at the source.

The observed activity ratios between 2% and %0 indicate a retention of 241J relative to 2%,
This could be due 10 o-recoil of the short-lived #**Th into the solid phase making ™1, the daughter
nuclide of ***Th, more attracted to the solid phase than 22U, the parent nuclide of 2*Th, This effect
was simulated in a simple manner in one calculation by assigning a higher K -value for 2 than
for %0, 1.5 m*/kg and 1 m?/ke, respectively. In addition, calculations were carried out to study
possible changes in the activity ratios due to different natural background levels of uranium and
daughter nuclides in the rock in the weathered zone. Twao values of the background levels were
used, 12 mBg/kg and 12 Bg/kg.

The data used in the calculations are summarised in Table 4.3,
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Table 4.3. Kemakia. Advection-dispersion modelwith linear sorption and chain-decay. Data used

in the calculations.

porosity (m*/nr’) 0.30
solid density of rock kg/m?) 500
distribution coefficients (m*/kg) .

uraniutn 18}

thorium 5,10, 100
water flux (m/yT) 107
dispersion length {m} 1,10
molecular diffusivity (m?/s) 2107
source concentration (mg/m”)

uranium 1000

thorium in equilibrium

a to simulate a-recoil, K;~1.5 for U

Results

Figures 4.3 to 4.9 show the modelling results and the observed activity data in the depth interval
10-30 m along the 6110 mN transect. The uranium source was assumed to be located at the outer
extension of the ore body (3100 mE).

The two calcniated concentration curves for 22U depicted in Figure 4.3 show the influence of the
dispersivity. A dispersion length of 1 m seems to better represent the measured ***U data than a
digpersion length of 10 m. The same observation was done for the 2**U activity data as illustrated
inFigure 4.4.

A good agreement with measured activities at the front was obtained, when e-recoil was simulated
by a higher K, for 2*U (K4 =1.5) than for 23U (K, =1.0), see Figure 4.4, However, the calcuiated
peak values close to the source cannot be found in the observed data. A compatrison of calculated
and observed activity ratios **U/**U gjves a somewhat different picture {Figure 4.5}. Because of
the higher K, #**U will, compared to #8U, be enriched in the solid phase close te the source,
resulting in activity ratios above 1, and delayed at longer distances from the source, resulting in an
activity ratic which decreases below 1, This tendency can also be seen in the measured data,
although much less pronounced. However, at longer distances than 100-150 m from the assumed
location of the source, the observed activity ratios no longer decrease with distance from the source,
as the predicted curve suggests. The observed activity ratios close 1o 1 at these longer distances may
be an indication of the presence of background levels of uranium at those locations. If both uranium
isotopes are sorbed to the same extent, then radioactive equilibrium is expected between the
isotopes and the activity ratio will be maintained at a constant value of 1, as illustrated in Figure 4.5,

The calculated and observed activity content of 2**Th in the solid phase at different locations in the
transect 6110 mN are shown in Figure 4.6. As for the uranium isotopes, the steeper concentration
front obtained with the lower value of the dispersion length is more in agreement with the measured
data. The transport of 2*"Th is very slow. The transport distance after 2 million vears is indicated
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by the front of the peak near the source in the calculated curves. The main dispersion of *Th is
caused by the migration and subsequent decay of uranium to thorium which is strongly sorbed at
the locations where it is formed. Because of this, the calculated results are not very sensitive to the
thorium concentration at the source, except at locations very close to the source., Furthermore, the
calculated results for longer distances are not sensitive to the choice of K -value for thorium, since
all selected values are higher than the K ;-values of uranium. This is illustrated in Figure 4.6 by the
identical shape and location of the concentration fronts obtained for the K,-values 10 and
100 m*kg, The somewhat shorter migration distance obtained in the calculation with a K, of
5 m*/kg is solely dependent on the highet K -value, 1.5 m¥kg, assumed for *U in this calculation.

The calculated and observed activity ratios between ***Th and U are shown in Figure 4.7. The
assumption that secular equilibrium between **°Th and the uranium isotopes is established in the
water at the source before the migration of the radionuclides starts, results in high 2**Th to 24U
activity ratios close to the source, This trend is difficult to see in the observed data. The calculated
decrease in the activity ratic with distance from the source is also indicated in the observed data up
to a distance of about 100 to 150 m from the source. Beyond this distance the observed ratios,
contrary to the calculated ratios, seem to increase with distance and almost all values are above 1.
However, the concentrations of both uranium and thorium at these locations are low.

The trend in the observed **Th/**!U activity ratio in Figure 4.8 has boen simulated by assuming a
background level of uranium, ot accessible to groundwater, in the tock around the ore body.
However, the fit to the actual values is poor, The fact that the observed ratios at distances lenger
than 150 m from the source are larger than 1, implies that the background content of uranium has
been accessible to groundwater and that leaching of uranivm relative to thorium has occurred,

The predicted uraniom concentration in the solid phase was also compared with observed
cencentrations in the north to south direction, i.e., in a direction deviating 45 degrees from the
transect at 6110 mN. The result is shown in Figure 4.9. The observed data are plotted as a function
of the distance frem the gridline 3100 mE in the south direction, The concentration front is steep
also in this direction, with a shape similar to the predicted curve, assuming a dispersion length of
1 m. However, the prediction underestimates the migration distance as well as the maximum
concentration level.
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Figure 4.3

Figure 4.4,
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Figure 4.5.  Kemakta. Advection—dispersion with linear sorption and chain decay. Predicted
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Influence of Migration Time on Activity Ratios

As mentioned earlier, it is possible to obtain almost identical simulations of the uranjum
concentration versus distance with different combinations of the values of the distribution
coefficient, source concentration, water flux and migration time. However, the activity ratio
B4T/™*U versus distance from the source is dependent on the migration time, itrespective of the
other parameter values.

To investigate if the assumed migration time of millions of years seems reasonable, the Z%Th/24y)
activity ratio at different distances from the source was calculated on different assumptions
regarding the migration time. In all calculations the K -value for uranium was set to ! m’/kg and
a value of 10 m*/kg was chosen for thorium. As in the previous calculations, the source
concentration of dissolved uranium was 1000 mg/m® and radioactive equilibrium between %1,
2% and **°Th was assumed at the source. Different values of the water flux were used, dependent
on the assumed migration time, since the basic criteria was that the calculated uranium
concentration versus distance should match the observed. The following combinations of water flux

and migration time were used:
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Tabie 4.4. Kemakia. Values of Water Flow and Migration Time.

Migration time (Myr) Water flux (tn/yr)

0.2 1

1 0.2
2 0.1
4 0.05

The uranium migration distance for all these parameter combinations are very similar and all match
the observed migration distance quite well, The "Th/”**U activity ratios are depicted in
Figure 4.10. Here, the difference between the different cases is significant. A comparison between
the predicted curves and the observed data indicates that a migration time of 0.2 million vears is too
short, and that a migration time in the order of million vears gives a better match to the observed
data.
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Figure 4.10. Kemakta Advection—dispersion with linear sorption and chain decay. Predicted
and observed P ThA1 1 activity ratios. Effects of different combinations of water
flux and migration time.
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Influence of Alternating Periods of Flow and ne Flow on Activity Ratios

The climate in the Koongarra area has varied over time, It has been dry, almost desert-like, with
minimal water flow in the weathered zone during glacial periods. The flow rates have probably been
significantly higher during the interglacial petiods due to heavy rainfalls,

Calculations were performed, assuming altemnating periods of flow and no flow during 2 million
years, in order to study the impact of variations in the water flow. The duration of the wet periods
were sette 25 000 years, and each wet period was followed by a 75 000 year long dry period. As has
been shown earlier, a fair agreement between predicted and observed uraninm concentrations is
obtained with an average water flux of 0.1 m/yr during 2 million years, This means that the water
flux during the wet periods has to be (.4 m/yr to give an equally good match to the observed
uranium concentrations, in this case with alternating periods of flow and no flow.

Predicted and observed ***Th/**U activity ratios are shown in Figure 6.15. In addition to the results
obtained with alternating flow and no flow over the entire time period of 2 million years, the activity
curves obtained are depicted assuming average water flux during 1.8 million years and then two
cycles with flow and no flow. The result obtained for a constant water flux of 0.1 m/yr over the
whoie period is also shown for comparison, As could be expected, the activity ratios are higher at
the migration front after a dry pericd than afier a wet period. However, alternating petiods with flow
and no flow during the first 1.8 My does pot seem to influence the decrease in activity ratio with
distance as illnstrated by the almest identical curves for the cases with alternating flow over the
entire time period and alternating flow only during the last 200 000 years.
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Figure 4.11.  Kemakta. Advection—dispersion with linear sorption and chain decay. Predicted
and observed TR/ activity raties, cases with alternating periods of flow and

no flow.
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Advection—Dispersion Model with Linear Sorption and Chain Decay. Concilusions.

The moedel extended to include chain-decay made it possible to get an independent estimation of
the migration time by studying the “*Th/?*U activity ratio. This ratio indicated that the migration
time has been in the order of million years. With a migration time of 200 000 years, the activity
ratios were under-predicted over the entire migration distance.

It was not possible to simulate the observed decrease in the 2**U/2*1 activity ratio unless a higher
retardation of **U relative to **U was assumed. This difference in retardation between the isotopes
could be an effect of a-recoil.

The simulation of variable climatic conditions by assuming alternating periods of flow and no flow
showed that the flow conditions during the last 200 000 years are impoertant to the results, given that
an average flow rate can be used for times prior to 200 00¢ vears ago.

41.3  Advection-Dispersion Model with Linear Sorption, Chain Decay, a-recoil and Phase
Transfer

Measurements of uranium and thorium concentrations and activity ratios in different mineral phases
in the weathered zone at Koongarra indicate that uranium associated with amorphous iron oxides,
such as ferrikydrite, and sorbed onto iron oxides and clay minerals is accessible to, and at near
equilibrium with, the groundwater. Crystalline phases of iron oxides, such as goethite and hematite,
and very resistant minerals, such as quartz and mica, also contain uranium. The sugpested
mechanism for entrapment of uranium in crystalline iron oxides involves uranium adsorption onto
ferrihydrite before it is transformed to a more crystalline form. High Z*U/*8U activity ratios in
crystalline phases further sugpest ¢-receil emplacement from amorphous and surface sites.

Ir: this third iteration, the advection-dispersion model was extended in order to investigate the
influence of phase transfer and a-recoil on the activity ratios,

Assumptions arid Model Description

Two solid phases, the accessible and the inaccessible phase, were considered in these calculations.
In practice, the accessible phase corresponds to amoerphous iron minerals and clays and the
inaccessible phase to crystalline iron minerals and other minerals, for example quartz. The
accessible phase was assumed to be porous and reversible sorption is assumed to occur
instantaneously in proportion to the nuclide concentration in the groundwater (the K ;-concept), The
inaccessible phase was assurmed to have no direct interaction with the groundwater, The nuclide can
enter the inaccessible phase either by phase transfer, crystallisation of amorphous iron, or by
e-recoil. The interactions between the different phases and nuclides included in this modelling
concept are 1llustrated schematically in Figure 4.12,
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Figure 4.12.  Kemakia, Advection—dispersion model with linear sorption, chain decay, a-recoil
and phase transfer. Schematic picture of the interactions between the different
phases and nuclides.

The equations describing the migration of nuclide i are:

de & de
Efﬂl‘gd N DL;; - “ua‘ = &R, - Lo (Ko - X)) +
tEf R A1-B A, e, + Bm'lf—f"ﬁ;—!
(Eq. 4.10)
axX,
Ej = =ApX, + LK e~ X)) + (1-B) A pX,, o+ €, ;B A e, (Eq.4.11)
where B, = recoil factor (recoil from accessible to inaccessible phase)
B, = recoil factor (recoil from inaccessible to accessible phase)
; = concentration of nuclide 7 in the groundwater, {Bg/m®)
€0 = concentration of parent nuclide /-1 in the groundwater, (Bg/m?)
F = phase transfer rate (from accessible to inaccessible phase) (year)
D, = dispersion coefficient, (m*/vear)
t = time, (year)
X = concentration of nuclide / in the inaccessible solid phase (Bg/kg)
X, = concentration of parent nuclide / in the inaccessible solid phase (Bg/kg)
x = length coordinate, (m)
€ = flow porosity, (m*/m*)
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A ~  decay constant of nuclide ;, (year™")

Ay = decay constant of parent nuclide i-7, (year')

The dispersion coefficient, £3; , is defined in Eq.4.2 and the retardation factors, R ;and R, and the
relations between the nuclide concentration in accessible phase and water are defined by Egs. 4.5
and 4.6, respectively.

The initial and boundary conditions applied are;

=0, X,=0 forf=0andx>0
€, =0 forx=0and+2 0
e,=0D forx=cand?: 0,

The transport equations were sclved with the numerical code TRUCHN fRasmuson et af, 1882},
which was modified to account for phase transfer and a-recoil.

Dat

A water flux of 1 m/yr was used in these caleulations, based on analyses of the specific discharge
in the weathered zone [Townley, 1992]. A dispersion length of 1 m was assumed as in the previous
calculations, but the porosity was changed to 15% to be in accordance with the most recent reported
values fEmerson, [992].

Two values of the distribution coefficient for uranjum between accessible solid phase and water
were studied, 3 m’/kg and 10 m*kg. These values were chosen based on earljer recommendations
regarding the magnitude of the distribution coefficient between accessible solid phase and water.
However, more recent recommendations are lower, 0.5-2 m’/kg fGolian and Lever, 1 992]. This
indicates that the distribution coefficients used in these calculations might be too high. This is
further discussed in connection with the presentation of the results. The recommended K -values
for thorium are on average 4 orders of magnitude higher than for uranium, which implies that
thorium is almost immobile. This has been achieved in the caleulations by assigning a K valug of
100 m*kg for therium,

The recommended range for the a-recoil factor that accounts for the part of the decay events
resulting in daughter radionuclide transfer between phases, is 0.1-0.4 for the accessible to
inaccessible transfer (B,,) and 0.000.05 for the inaccessible to accessible transfer (B,,} {Golian
and Lever, 1992]. Based on these recommendations, B -values of 0,3 and 0.4, and B, -values of
0 and 0.05 were selected to be used in the caleulations.

Analyses of the activity ratio data for different phases and modelling results indicate that the phase
transfer rate has to be comparable with the decay constants of 22*Th and #*U, i e. 8.66-10% yr'! and
2.83-10° yr'!, respectively fGolian and Lever, 1992]. In the present calculations phase transfer
tates of 0, 107 and 10 yr! were studied. It should be noted that the transfer rate of a radionuclide
is not identical to the phase transformation rate.

The data used in the calculations are summarisad in Table 4.5 and the different calculation cases
are summarised in Table 4.6.
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Table 4.5.  Kemakta. Advection-dispersion model with linear sorption, chain decay, a-recoil and
phase transfer. Data used in the calculations.

perosity {m*/m?) 0.15
solid density of rock (kgfm? 2500
distribution coefficients (rn*/kg)
uraninm 3,16
thorium 100
water flux (m/yr) 1
dispersion length (m) 1,10
molecular diffusivity (m%/s) 2:10°°
a-recoil factor
accessible phase to inaccessible phase .3,04
inaccessible phase to accessible phase 0.00, 0.05
phase transformation rate (1/yr} 0,107, 10¢
source concentration (mg/m’)
uranium 100
thorium in equilibrium
Table 4.6. Kemakta. Advection—dispersion model with linear sorption, chain decay,
a-recoil and phase transfer. Summary of the calculation cases.
Case B, B,. Lo K4 (uranium)
) ) () (m*/kg)
1 0.3 0 0 10,
2 4 0 0 10
3 0.4 (.05 0 10
4 0.4 0 167 10
5 0.4 0 107 10
6 0.4 0 10°¢ 3
Results

The results frem the modelling are shown in Figures 4.13 to 4.19. The source is assurned to be
located at the outer extension of the ore body (3100 mE), and the results are compared with
observed small sample data from depths between 10 and 30 m along the 6110 mN gridline.

The calculated concentration curves for uraniurn in the bulk rock, accessible and inaccessible, are
depicted together with observed data in F igure 4.13. In the cases with no phase transfer {f,,=0,
Cases 1.2 and 3), the migration distance aprees fairly weil with observed data. These cases averlap
and they are also identical to the results obtained in the previous modelling with a water flux of
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I mfyr and a Kg-value for uranium of 10 m*/kg. This is to be expected, since ¢-recoil only
influences the migatiun of *J, and the concentration of 2**U is negligible compared to the
concentration of 2,

In the case with high phase transfer rate and high sorption capacity (£,, = 10 and K, = 10, Case 5),
the calculated migration distance is too short. By lowering the K -value (K, =3 and £, = 106, Case
6) the migration distence is increased, but too much in comparison with abserved data. In addition,
the shape of the concentration versus distance curve is not in agreement with observed data. If,
instead, the phase transfer rate is lowered (K, = 10 and £, = 10”7, Case 4), both the migration
distance and the shape of the concentration trend are fairly well simulated.

The influence of recoil and phase transfer on the “*U7~**U activity ratios in the accessible phase is
illustrated in Figure 4.14. The results show that the phase transfer rate does not affect the activity
ratios in the accessible phase, while both the recoil factor and the distribution coefficient have an
influence. The difference in the results between the different calculation cases are smaller than the
scatter in the cbserved data.

The calculated and observed 2**Th/*U activity ratios in the accessible phase are shown in Figure
4.15. The observed data indicate an almost immediate decrease from a value close to | near the
source to values as low as (.2 at the uranium concentration front 100 m from the source. The
caloulated curves do not reflect this trend. Close to the source, the values are well below 1 and
remain constant until about 104 m from the source, when the values decrease, except in the case
with the lower Kg-value (Case 6), where the values are independent of distance. Beyond the
concentration front, where the uranium concentrations are low, the observed activity ratios increase
towards ! and even above 1. As has been shown earlier, the calculated activity ratios will increase
towards 1 at distances beyond the concentration front, if the background level is considered in the
calculations,

A comparison between the calculated and observed 2*U/??%U activity ratios in the inaccessible
phase (Figure 4.16) shows that only the higher phase transfer rate, 10 yr'!, gives results that are
close to the observed data. This is also the case for the 2**Th/?**(J activity ratio in the inaccessible
phase, as is illustrated in Figure 4,17,

The predicted activity ratios are compared with observed data in the bulk rock in Figures 4,18 and
4.19. The small decrease in observed U/~ *U activity ratic with distance (Figure 4.18) is fairly
well simulated in all calculation cases. The observed **Th/”*U activity ratios (Figure 4.19) are also
fairly well simulated by all calculated curves which are alinost identical. The only curve that
significantly differs from the others is the case with a lower K -value (K, = 3, Case 6).

The presently recommended K -value for uranium in the accessible phase is lower than the values
that have been used in the calculations that are presented above. The results shown in Figure 4,13
do not suggest that the match between calculated and observed uranium concentrations in bulk rock
would be improved with a still lower K ;-value, at least not without increasing the phase transfer
rate. However, 10 study the effect of lowering the K, and at the same time increasing the phase
transfer rate, the uranium concentration in bulk rock was calculated, assuming a Ky of | m*/kg and
a phase transfer rate of 107 yrl. The fit to the observed data was not improved, neither the
migration distance, nor the shape of the migration front,
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Figure 4.13.
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Advection-Dispersion Model with Linear Sorption, Chain Decay, a-recoil and Phase Transfer.
Conclusions

Comparisons between calculated and observed data suggest that the results are not significantly
improved by including phase transfer and e-recoil in the model, at least not with the particular
combination of phase transfer rates and K ;-values used in the calculations. Adding only the process
of e-recoil gave similar results as the simple advection—dispersion-—reversible sorption model, while
the introduction of phase transfer pave results that were less in agreement with observed data.

414 Summary of Results

The results obtained with the 1.1 advection—dispersion model with reversible sorption were in fair
agreement with measured uranium and thorium concentrations, The uranium migration curve can
be simulated almost equally well using different combinations of the input pararneters; water flux,
distribution coefficient, concentration of uranium in water at the source and migration time. The
shape of the concentration front is better simulated with a dispersion length of 1 m than 10 m. Some
combinations of input data that gave results in fair apreernent with the observed data in transect
6110 mN, are listed in Table 4,7,
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Table 4.7. Kemakia. Advection-dispersion model with linear sorption. Summary of input
parameters giving almost the same migration curve for uranium.

Water flux K, £, t
(m/yr} (m*/kg) (mg/ke) (Myr)
1 10 100 2

0.1 1 1003 2

0.01 0.1 10000 2

1 1 1004 0.2
0.2 1 1600 1

0.05 1 1000 4

It was not possible to simulate the observed decrease in the U/*1 activity ratio unless a higher
retardation of 2*U relative to **UJ was assumed, This difference in retardation between the wranium
isotopes could be an effect of a-recoil,

The observed decrease in the *Th/*U activity ratio was fairly well simulated by the model for
migration times in the order of millions of vears. With a migration time of 200 000 vears, the
activity ratios were under-predicted over the entire migration distance,

Tt was not possible to improve the match between calculated and observed uranjum concentrations
by extending the model to include also a-recoil and radionuclide transfer between amorphous and
crystalline mineral phases of the rock. Adding the process of a-recoil gave similar results as the
simple advection—dispersion-reversible sorption model, while the introduction of phase transfer
gave results that were less in agreement with observed data.

The extended model simulated the observed decrease in activity ratios in bulk rack with distance
from the source fairly well. However, the advmﬁﬂn—disgersiun—rmrsible sorption gave an equally
good match to the data, when a higher retardation of 2*U relative to 2*U was assumed.

The general trend with most of the observed activity ratios in the accessible phase below 1 and in
the inaccessible phase above 1 was fairly well simulated by the extended model. The calculated
activity ratios in the accessible phase were not very sensitive te variations in phase transfer rate,
recoil factor and K-value in the sense that the difference between the calculated results was smaller
than the scatier in the observed data. The choice of parameter values seems to have significantly
larger influence on the predicted activity ratios in the inaccessible phase.

The mobility of **Th in groundwater is small due to strong sorption. This means that the
concentration of 2**Th at longer distances from the source is entirely dependent on the migration
and decay of uranium.

The simulation of variable climatic conditions by assuming alternating pertods of flow and no flow

in the advection-dispersion—reversible sorption model showed that the time period when variations
in flow conditions are of importance to the results is limited to the last 200 GOG years. An average

flow rate may therefore be used for times prior to 200 000 years ago.
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4.2 RIVM

4.2.1 General

The analysis of the ARAP data that was reported in Chapter 3.2 suggests that the migration of
radionuclides in the fully weathered zone and in the unweathered zone of the Koongarra ore
deposit is negligible. RTVM has therefore focused its attention on the transition zone between the
highly weathered and the unweathered rock, when developing the conceptual transport model. The
transition zone was modelled as a two-dimensional region bounded by the Koongarra fault, the
Koongarra Creek and two non-perennial creeks perpendicular to the Koongarra fault, as illustrated
in Figure 4.20. Migration calculations have been performed for two cases: a stationary transition
zone and a transition zone that moves downward with time.

N

N

Kacngarra Fault

Koongarra Cresk

1
/

Figure 4.20  RIVM. Location of the madelling region.

The modelling study is based on a sensitivity analysis in which the effect of various parameters
and processes on the transport of uranium in the weathering zone are investigated. The three main
parameters and processes considered were: the velocity distribution, the downward movernent of
the transition zone, and a few geochemical processes. All simulations were performed using the
mathematical model METROPOL [Sauter et al., 1993],

The governing partial differential equations incorporated the movement of the weathering zone
and hence the loss of uranium at the top of the zone and the entering of clean schist at the bottom
of the zone (Figure 4.21}. Diffusion of uranium from the highly weathered zone into the transition
zone was aiso included.

63




movitg model Eysiem teangition zane

Figure 4.21  RIVM. Schematic iflustration of the moving transition zone.

4.2.2 Processes and Eguoations

The processes considered for the description of the transport of uranivm in the transition zone
were!

- advective transport

— diffusive and dispersive transport
— adsorption/desorption

— decay

— dissolution.

Diffusive and dispersive mass transport were assumed to be given by a Fickian type relation,
where the dispersion tensor was defined in the classical way as a function of the liguid
velocity.

The following simplifying assumptions were made in the development of the £OVEMINg mass
balance equation for uranium:

~ The porous medinm is saturated and has spatially varying properties that are constant over
time,

— Uranium concentration does not influence the liquid density.

— Decay of uraniumn can be described by a first order relationship.

- Adsorption/desorption can be described by a linear isotherm.

— Noc external sources and sinks are present.

— Uranium is not produced by decay of other species,




Based on these assumptions, the three-dimensional mass balance equation for uranjum cag be
written as:

nﬁp%l':- + V{pwg + J) + nRplw=S (Eq 4.12)

where:

porosity [-]

retardation factor |-]

liguid density [M-L?]

mass fraction of uranium in liquid phase [-) .

Darcy velocity [L-T]

diffusive/dispersive mass flux of nranium [M-L 3T
decay constant of uragium {T7]

source term related to the dissolution process [ML>T]

b b g by
MW nn g

The retardation factor R is related to the adsorption equilibrium distribution constant K, by:

P

R=1+ 5K, (Eq. 4.13)

where g, is the mass density of the solid phase [M-L3).

The diffusive/dispersive uranium mass flux is given by:

J = pDVe | (Eq. 4.14)

with the dispersion tensor D defined by:

D= (1D, + aljq) I + (ml—%)ﬁ (Eq. 4.15)
" where:
D, = effective diffusion coefficient [L*T]

m -
I = unit tensor [-]

&; = longitudinal dispersivity [L]
&y = transversal dispersivity [L]

The effect 'of tortuosity of the porcus medium is included in the molecular diffusion coefficient
I

"t
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The scurce term, 5, is related to the mineral dissolution rate by:

S = _%p_,u—n} (Eq. 4.16)

where O is the amount of mineral present in the solid phase [M-M™],

The dissolution rate of @ mineral follows frem the following equation;

¢
piiom P @a) (Eq. 4.17)

where:

(eq = equilibrium concentration of a mineral under given conditions (M-L%)

K = rate constant of dissolution (T")

It was assumed that the decrease of the mineral content in the solid phase with time ¢ould be
neglected compared to the total amount of mineral present in the solid phase.

The dissolution will stop in a closed system after a certain time because no discharge will take
place, given that » becomes equal to w,, in equation (4.17). Tn an open system, transport of the
dissolved mineral may be a constant "sik" and thereby act as a constant driving force to the
dissolution process. However, a dynamic equilibrium may still be reached in an open system if
sources and sinks are equal,

Combining equations (4.16) and (4.17) gives:

S = npK(w,, — @) (Eq. 4.18)

Substitution of equations (4.14) and {4.18) in equation (4.12) gives the fully three-dimensional
mass balance equation for dissolved uranium. The resulting equation was integrated over the
thickness of the moving transition zone of weathering. In doing so, the following assumptions
were made:

— The thickness of the transition zoune does not change with time.

~ The transition zone moves downward with a constant rate.

— The liquid velocity and the velocity of the transition zone are equal at the top and the bottom
of the zone.

— The liquid density is constant.

— The local value of the retardation factor equals the averape value.
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The final two-dimensional form of the integrated mass balance equation is:

npﬂ% + peVw + VJ + ARnpto + EU_:;MM + npKw =

where w is the downward velocity of the transition zone (L-T-"), & the thickness of the transition
zone (L), and w,,, the mass fraction of wranium in the liquid phase just below the transition zone

(ML),

The average diffusive-dispersive uranium mass flux J was assumed to be obtained fom the two-
dimensional forms of equations (4.14) and (4.15). When estimating the amount of uranjum
entering the zone at the bottom and the amount leaving the zone at the top, the diffusive mass flux
was neglected, while it was assumed that the uranium mass fraction as a function of depth in the
zone is linear.

4.2.3 Model Domain

As illustrated in Figure 4.20, the model domain is bounded by the Koongarra fault, Koongarra
Creek and two non-perennial creeks perpendicular to the Koongarra fault. These boundaries
coincide with assumed hydrological boundaries. The finite element mesh of the modelling region
used by RIVM is shown in Figure 4.22. The mesh was refined in the ore body region to improve
the modelling accuracy.

Figure 422 RIVM The finite element mesh representing the model area.
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4.2.4 Boundary and Initial Conditions

A no-dispersive and no~diffusive flux boundary condition was employed at ail boundaries of the
model domain. The concentration in each noda! point located in the ore body region was
prescribed a constant concentration of 500 ug/ in the preliminary modelling atternpts that studied
migration in a stationary transition zone.

In the modelling study that included a moving transition zone, the uranium concentration in the
ore body region as a function of time is determined by equation 4.18. Values for Ks K, w,, and
Dy, have to be assigned to each of the nodal points in the modelling region. X ;was set to zero
in the ore body region, because the dominant mechanisms in this region were assumed to be
dissolution and precipitation. w,, @,, and K were assigned a value of zero in all nodal points
outside of the ore body, since no dissolution was assumed to occur there. Inside the ore body
region, values of w,,, &,, and K were assigned to each nodal point.

Tt was assumed that the initial location of the moving transition zone was above the ore body,
given that the initial uranium concentration was set to zero everywhere. The weathering front, i.e.
the bottom of the transition zone, was assumed to be at the upper boundary of the ore body region
at the start of the model simulation.

4.2.5 Model Input and Parameter Estimation
The parameter values used in the modelling exercise are presented in Table 4.8. The perameters
were selected in such a way that, as much as possible, they correspond to the present values in the

transition zone of weathering. This is in accordance with the simplified model assumption that
the conditions do not vary in time along the downward moving weathering front.
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Table 4.8 Model parameters for calculations of uranium transport with the moving

ransition zone model

Parameter Value Source
Effective average velocity (g} 1.3 model calculation (Townley and
(PH49) {m/y) Barr, 1992}
0.56 calculated velocity field 17
0.053 calculated velocity field 11
Flow direction (PH49) 2167 data analysis
(degrees compass bearing} 210° calculated velocity field 17
209° calculated velocity field 11
Longitudinal dispersivity (&;) {m} 30 assumed
Transversal dispersivity {a;) (m) 3 assumed
Porosity {x) (.15 field data (Emerson, 1989)
Rock Density (p,) (kg/m’ 2660 field data (Emerson, 1989)
Distribution coefficient (K) (m’/kg) 0.7 data analysis (Edis et af, 1992)
downward velocity of transition 0 assumed
zone of weathering (w) (m/y) 1,1-10°° estimated based on data
5510° assumed
1.7-1? assumed
thickness of transition zone (b) (m} 5 estitnated present thickness of the
T transition zone (Emerson, 198%)
mean -dissolution constant () ( ¥ 6.5 assumed
3,016 assumed
3+ﬂ'10'_z fitting parameter
3.0-10 assurned
mean equilibrium concentration 500 nighest concentration measyred
(Cog = P*o,) (gl 650 assumed
1300 estimated based on caleulations
assumed
1950
bottom concentration G assumed
(Coor = P*he) (N1 500 assumed
650 assumed
1300 assumed
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Velocity Field

A velocity field constant in time and space was employed in the preliminary modelling
attempts. It was not possible 10 determine the present day velocity field because available
hydrological data are scarce and incomplete, especially with regard to the boundary conditions.
As a consequence, RIVM did not attempt to caleulate the velocity field for past periods, The
mathematical model METROPOL was used to calculate different velocity fields for the present
transition zone by varying the boundary conditions. In this way, a setsitivity analysis for
different boundary conditions was performed. Boundary conditions were chosen based on
hydrological modelling results presented by Townley and Barr { Townley and Barr, 1992].

The boundary conditions, Ky and X, values used for determining the different velocity fields,
and the travel time of particles starting in the ore body to leave the model domain, are
summarised in Tabie 4.9. The Koongarra fault was assumed to be a no-flow boundary in all
simulations. The two perennial creeks perpendicular to the fault were assumed to be either no-
flow beundaries or no-flow boundaries along their upper, and constant head boundaries along
their lower reaches. In the latter case, the head was assumed to decrease linearly with
downstream distance. The Koongarra Creek was assumed to be a constant head boundary with
the head varying linearly with downstreamn distance. A constant influx was considered over the
whole modelling area due to leakage through the highly weathered zone.

On the basis of the calcuiated velocity fields, it was concluded that the direction and velocity
of the particies were mainly controlled by the ratio between K, and X, and the recharge
{leakage throngh the weathered zone).

Fatterns of the particle tracking, isohypses and velocity vectors for simulations no. 11 and 17
are shown in Figures 4.23 and 4.24. These two velocity fields were chosen based on the
present knowledge of transport directions in Koongarra fPayne et al., 1992, van de Weerd et
al., 1993].
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Table 4.9 Boundary conditions and Ky and Ky values used for determining the different

velocity fields.
nr. A, Ay Grad, Gradg RE Ky K T
{m)  (m) (-} (-) (my') {m-y!) (tny™) (y)

1 160 230 0.001 0001 365107 365907 365100 2.05-10%
2 160 23.0 0001 0001 365107 36510 365102 179108
3 160 230 0001 0001  36510% 183107 165100 373102
4 160 230 0001 0001 365107 365107 3.6510° 4.05-10°
5 16.0 230 G001 0001 . 3.6510° 365107  3.6510° 2.36-10°
6 160 195 0.001 0001 36510 365100 365107 5.23-10%
7 160 195 G001 0001 365107 365100 365102 4.05-1¢°
] M0 195 0001 0001 3.6510° 183100 3.65-10° 8.88-102
160 195 W01 0001 365107 3.65 3.65-10° 1.10:-10¢
10 160 195 L0 0001 365107 365100 3.65-10° 110103
11 (60 230 0001 Q0001 365107 3.65 31.651¢° 1.02.10%
12 160 178 0.000 0001 365107 365107 365107 1.2510°
13 160 178 GO 000l 365107 365100 365102 8.60-10°
14 160 173 0.0m  0.000 LAS107 365 365107 1.081¢7
15 160 230 000/ o0 a5t 368 3.65-10° 1.08-10°
16 160 23.0 0.001 Q001 1650 3.65 3.65-10° 1.88-10
7 160 230 0001 0001 365107 36510 3.65-10° 127107
18 160 230 0001 0001 365107 365107 3.6510° 1.91:107
19 160 230 04002 Q002 36510° 365100 265102 2.0510°
20 160 230 0004 0004 365107 365100 365102 2.65-10%
21 160 230 0001 0001 3.6510°% 36510 365100 1.80-19°
22 160 195 0,001 Q001 36510% 36510 3.6510° 1.07-1¢°
23 160 195 0.001 0001 365107 365100 3.6510° 247-10°
24 160 23.0 NF NE 3.65-10% 365107 365107 3.02-10°
25 60 230 NF NF 3.65-10°%  36510° 3.6510° 2.96- 1%
26 160 230 NF NF 365107 365100 3.6519° 1.23.10°
27 160 230 NF NF 365107 365107 365108 3.4510%

No: sinmulastion nomber

fip, Aigt head at downstream and upstrean: ends of Koongarra creek

Grad,, Grady: Gradient in lower part of the left and right non-perennial crecks
RE: recharge (= leakage from "above”}

Ky Ky permeability in the X and Y direction

T.T.: Travel time of a panticle started in the crebody to leave the model domain
NF: No-flow boundary,

73




PR ]

\ - e

Figure 423 RIVM. Particle tracks, isohypses and ve'or o vectors for siendanes, ao. 1.
Vectors: I om = 5.5 mfy; Isohyps -+ 7, ddvdraalic head !0 21 m: Particle
tracks *: every 1 000 000 v . -
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Figure 4.24  RIVM. Pariicle tracks, isohypses and velocity vectors for simulation no. 17,
Vectors: I cm = 7.5 mfy; Isohyps no. 1-7, Hvdraulic head: 17-23 m; Particle
tracks *: every 100 000 years.
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Rate of Downward Movement of the Transition Zone of Weathering

The history of the ore body region, based on the scenario formulation of Skagius and
Wingefors [Skagius and Wingefors, 1992], is summarized below. Uranium series disequilibria
data on the secondary dispersion fan mineralisation indicate that the weathering front reached
the top of the ore bedy sometime in the interval 1-3 million years ago. The onset of the
Pieistocene ice age, beginning around 1.6 million years ago, and the climate changes
accompanying this event, may have aided the penetration of weathering down to the ore body.
The lowering of the sea level from 1.8 million years onwards would have mcreased stream
gradients, resulting in increased erosion rates. Some 20 m of schists above the Koongarra ore
body was stripped off and thus allowed the weathering front to penetrate the top of the primary
ore.

Combination of these data leads to the following considerations:

= The earliest possible time at which the weathering front reached the top of the ore body
was 1.8 million years ago.

— The base of weathering is at present positioned about 25 metre below the former top of the
ore body.

— No ore is present in the top 5 m.

If it is assumed that the transition zone has moved about 20 metres downward over a time
period of 1.8 million years, then a mean velocity of 1.1:10"° m/y is obtained. However, it
cannot be reasonabie fc assume a constant downward velocity of the transition zone during the
past 1.8 million years, since this time period involves cycles of alternative cold and warm
climates in combination with advancing and retreating ice sheets, and failing and rising sea
levels. An increase in rainfall would, for example, potentially increase the erosion, raise the
water table, and increase both the groundwater flow and the dispersion of uranium down-slope
in the weathered zone. Nevertheless, it was considered acceptable to work with an average
value of the movement of the transition zone, since data on dry and wet periods and sea levels
fluctuations are not available or 100 uncertain to provide any reasonebly good estimate of the
variations in the weathering front velocity.

Equilibrium Concentration of Uranium

The preliminary medelling attempts, that were based on a stationary transition zone, used a
constant uranium source concentration of 500 pg/l. This value was chosen because it is close
tc one of the highest uraniuin concentrations found at Koongarra (borehole M1, 489 pg/1).

The equilibrium concentration of uranjum in the calculations that included the moving
transition zone was based on geochemical calculations in order to obtain a more realistic
equilibrizm concentration. The calculations were based on that the primary uranium mineral,
uranirite, is in equilibrium with the groundwater in the orebody. Based on the results from
these calculations, the equilibrium concentration of uranium was assumed to be equal to the
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minimum vakue calculated for borehole PH49, 1.3-10" g/l, which is located in the centre of
the ore body. This borehole is within the 1000 mg/ke contour line of solid phase uranium
concentrations at every depth as illustrated in Figures 3,13a-f.

4.2.6 Resnlts

The resuits from the simulations with and without movement of the transition zone of
weathering and with and without 2 spatially variable velocity field are presented in this section.
As the number of measured uranium concentrations in the liquid phase are scarce, the
calculated vahies of liquid phase concentrations were converted into solid phase concentrations
by using the K, value in order to compare the modeiling results with the present conditions.
By using these converted concentrations, contour plots of the simulation results couid be
compared with solid phase uranium concentration contours from section 3,2,1. This conversion
is not possible within the ore body, since the solid phase concentration in this region is not
determined by sorption but by the concentration of wranium minerals.

Modelling Uranium Transpori in the Present Transition Zone — Effect of Variations in the
Velocity Field

The results from simulations 1, 2 and 3, with a stationary transition zone, are presented in
Figures 4.25, 4.26 and 4.27, A velocity field constant in time and space was used in model
simulation 1 (Figure 4.25). This simulation is similar to earlier reported calculations {Van de
Weerd et al, 1993}, because the dissolution rate is high enough to maintain the equilibrium
concentration in the ore body. The spatially varying velocity fields selected in section 4.2.4
were used in simulations 2 and 3 (Figures 4.26 and 4.27). These simmiations show the effect
of variations in the velocity field on the transport of yranium.

A summary of the ﬁmdtl parameters used for simulations no 1, 2 and 3 is given in Table 4.10,
All other parameters values are given in Table 4.8.
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Table 4.10  RIVM. Model parameters used for fransport calculations in the present
transition rone.

Sim. Sim. times v Direction K Gy, ah, w
no. y (PH49) (PH49) y' o gl pgl miy
mfy compass bearing

la 1.0-10°

b 4.510° 1.3 215 65 500 500 0
e 1.8:10°

2a 1.0-10°

b 4.510° 0.56 210 6.5 500 500 0
e 1.8108

3a 1.010°

b 4.5 10° 0.053 209 65 500 500 0
c 1.8-10%

The equilibrium and the bottom concentrations were chosen to be close to one of the highest
concentrations found at Koongarra (borehole Mi, 489 pg/). The dissolution rate constant was
set very high to reach the equilibrium concentration. The results are illustrated in Figures 4.25,
4.26 and 4.27. Three different simulation times were applied.

Tt can be seen in Figures 4.25, 4.26 and 4.27 that the calculated dispersion of uranium
gradually increases with increasing simulation time. The calculated concentration distribution
pattern after 450 000 years (Figures 4.25 and 4.26) shows g qualitatively good agreement with
the pattern found for the present transition zone (Figure 5b).

The spreading of vranivm in simulation 3 (Figore 4.27) is very limited due to the very Jow
effective velecities used in this simulation {Figure 4.23). This illustrates that the present
dispersion distance is not reached even after a simulation petiod of two million years due to
the low velocities. The magnitude of the effective velocity is thus very important for the
dispersion distance.

The flow velocity and direction of Iransport is only provided for borehole PHAS in Table 4.10,
However, the magnitude of the effective velocity and the direction of flow may vary in space
in a spatially variable velocity field. Figures 16 and 17 give an indication of the change in
direction and effective velocity along a particle track starting in the orz body. The change in
direction and degree of spreading between 450 000 years and 1800 000 years in Figure 4,26
may be explained by the higher effective velocity and the change of the flow direction towards
the Koongarra Creek. The resuits show that a spatially variable velocity field may have & great
impact on the dispersion,
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Figure 425 RIVM. Resuits of simulation 1, with a stationary transition zone and a velocity

field constant in time and space. Contour plots of solid phase uranium
concentrations at different simulation times.
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Figure 4,26 RIVM. Results of simulation 2, with a siationary transition zone and a spacial
variable velocity field. Contour plots of solid phase uranium concentrations at
different simulation times.
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Figure 4.27
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RIVM. Results of simulation 3, with a stationary transition zone and a spatial
variable velocity field. Contour plots of solid phase uranium concentrations at
different simulation times,
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Modelling Uranium Transport with a Moving Transition Zone

The boundary conditions used for the calculation of the velocity field are very uncertain, They
may be valid for the present transition zone, but are unknown in the past. This being the case,
the calculations with the moving transition zone were performed with a velocity field that was
constant in time and space.

The results of simulations no. 4 to 12 which involve a moving transition zone are presented
in Figures 4.28 to 4.31. Simulation no. 4 should be considered as 2 base case using the
parameters derived in section 4.2.4. The hottom concentration and the dissolution rate constant
were used as fitting parameters and selected in such a way that the agueous concentration
reached in the ore body was close 1o the highest aqueous concentration measured in the present
transition zone at Koongarra (489 pg/l). Different combinations of X and Wy, Will lead 10 this
concentration. The value of w,, was set to 650 pg/l because ., was expected to be in the
range 0 and 1300 pg/l. The valve of X was then adjusted in order to get a concentration close
to 489 pg/l. The parameter values used in the calculations are summarised in Table 4.11.

Table 4,11  RIVM. Model parameters used for model calculations with a moving transition
zone and a velocity field constant in time and space.

Simuiation Sim. time K W,, Wy W

no. y Y ug/l ng/l mhy

4 1.8-106 3.0-10° 1300 650 1.1-1¢7°
5 3.6 10° 3,010 1300 650 5.510°¢
8 1.2:10% 3.0-1¢7° 1300 650 1.7-1077
7 1.2+108 3.0-1003 650 6350 1.1-107°
8 1.2-10% 3.0:1¢7° 1950 650 1.1-1073
9 1.2:106 3.0-10% 1300 0 1.1-10r"
in 1.2-10° 3.0-10°2 1300 1300 1.1-10°%
11 1.2-108 3.0.10% 1300 650 1.1-107%
12 1.2-10° 3.0:10°2 1300 650 1.1-10°%

A planar view of the dispersion of uranium for simulation 4, 5 and 6 after different simulation
periods is given in Figures 4.28, 4.29 and 4.30. The simulation times were chosen in such a
way that the lower boundary of the transition zene was positioned at the present depth of the
weathering front at the end of the simulation, The uranium dispersion at depth intervals 5-10
m, 10-15 m, 15-20 m and 20-25 m is illustrated in Figures 4.28a—d, 4.2%—d and 4.30a—d. The
evelution of the aqueous uranium concentration for a nodal point (positioned in the moving
transition zome} in the ore body and in the dispersion fan is given in Figure 4.31 for
simulations 7 to 12.
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Frem a comparison of the results of simulation 4 (Figure 4.28) with the solid phase nranium
contours (Figure 3.13) it can be concluded that the dispersion distance of the simulation is not
in accordance with the dispersion distance found in Koongarra. A steady state situation is
reached afier a simulation peried of 900 000 years and a depth ranging from 10 to 15 m.
However, the maximum dispersien of uranium, as iilustrated in Figure 3.13, is already reached
at a depth ranging from 5 to 10 m. The 10 mg/kg contours in Figure 4.28¢—d are in gualitative
agreement with the 100 mg/kg contour of Figure 3.13, By varying some of the model
parameters, it may be possibie to reach a better "fit” of the solid phase uranium contours. For
cxample, increasing the effective velocity will lead to more dispersion, and if the effective
velocity or K-value are increased the maximum dispersion distance will be reached earlier.

It can be seen in Figures 4.28, 4.29 and 4.30 that a steady state sityation is reached in the
transition zone after a certain simulation time. The sources and sinks of uranium are obviously
equal after that time. There are two sources of uranium; the bottom concentration entering the
transition zone in the ore body region at the lower boundary and the uranium formed by
dissolution of the ore in the ore body regicn of the transition zome. The sink is the
conceniration of uranium leaving the transition zone at the upper boundary, With increasing
dispersion distance, the sink tern will increase, because the area over which the uranium
Jeaves the system becomes larger. A steady siate situation will therefore be reached at a certain
dispersion distance,

The effect of the downward movement rate of the transition zone on the uraninm dispersion
can be assessed by comparing the results from simulations 4, 5 and 6, It can be seen in Figures
4.28, 4.29 and 4.30 that the dispersion distance decreases with ncreasing downward velocity.

Figures 4.314 and 4.31b illustrate that a change in the downward velocity of the transition zone
will have a large impact on the concentrations in the dispersion fan, but it will hardly affect
the concentrations in the ore body,

Figures 4.31e and 4.31f show that an increase in the equilibrium concentration will increase
the concentrations reached in the ore body and dispersion fan. Obviously, “the dissolution
source term” mcreases because a higher aqueous concentration of uranium is necessary {o
maintain the difference between w and ),, (Equation 4.18).

The impact of the bottom concentration on the evolution of the uranium concentration is
illustrated in Figures 4.31¢ and ‘4.31d. Apparently, an increasing bottom concentration gives
higher concentrations in the ore body and dispersion fan, The bottor concentration is a source
of aqueous uranium that will be more or less important depending on the downward velocity
of the transition zone.

The impact of the dissclution rate constant on the evelution of the uranium concentration is

treated in Figures 4.31g and 4.31h. An increase in the dissolution rate will increase the
concentrations reached in the ore bedy and dispersion fan.
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Results of Modelling. Conclusions

To assess the effect of the groundwater velocity field, three simulations were carried ont
neglecting the movement of the transition zone. The groundwater velocities were constant in
time in the simulations, but both constant and spatially variable velocity fields were applied.
A qualitatively fairly good agreement between calculated and measured uranium concentration
in the solid phase was obtained for the constant velocity field case and one of the variable
velocity field cases. These simulations showed that the uranium concentration distribution
pattern is highly dependent on the velocity field. Furthermore, the use of a spatially variable
velocity field could not be justified because of the large uncertainties in the beundary
conditions.

The boundary conditions used for the calculation of the velocity field are very uncertain. They
may be valid for the present transition zone, but are unknown for the past. This being the case,
the calculations that included the downward movement of the transition zone were performed
with a velocity field that was constant in time and space, Results from the simulations is
illustrated in Figures 4.28, 4.29 and 4.30 at four different depths. A concentration distribution
pattemn that i1s almost constant with depth was observed in the simulations which is in
agreement with the observations at Kcongarra as illustrated in Figure 13a-f. One conclusion
that can be drawn from these simelations is that the present sitvation in Koongarmra can be
simulated by including a moving transition zone. However, the calculated dispersion distance
from the ore body was shorter than observed at Koongarra. It is believed that a better “fit" with
the measured solid phase uranium c¢oncentration distribution could be obtained by changing
some of the model parameters, like the groundwater velocity, the downward velocity of the

transition zone, the adsorption distribution coefficient or the disselution source term.. '

The results from the simulations show that with the use of a moving transition zone it is
possible to simulate the present situation in Koongarra. However, the values of most
parameters are very uncertain. The largest uncertainties are associated with the boundary
conditions. We do not know how the system did evolve. Nor is it known if the Koongarra fault
is a hydrological barrier. As a result of such uncertainties, the effective velocity, and its spatial
and temporal variability, as well as the velocity of the moving transition zone are uncertain,

86




5  Uncertainties

In the models used in the INTRAVAL study, a number of simplifications of the complex system
had to be made that may introduce uncertainties in the modelling results. One type of uncertainties
is associated with the identification of processes, geometrical structures and other conditions that
have lead to and influenced the mobilisation and dispersion of uranium and daughter nuclides from
the primary ore body. Another area, still poorly understood, concerns the present and past day
hydrogeology of the site, which implies that the assumptions regarding flow directions and types
of flow paths are uncertain. It is even unknown whether the water flow, and thereby the uranium
migration, has taken place in the entire weathered zone or only in a rather thin transition zone that
has tnoved downward with time.

Still another type of uncertainty is introduced by the use of a rather simplified mathematical mode]
and by the assumptions made in the calenlations. For example, sorption was medelled by applying
the K concept, which signifies that sorption was assumed to be instantangous, reversible and
independent of the composition of the water along the transport path, This approach may not be
entirely adequate to describe the effects of sorption, Another example concerns the mathematical
description of processes leading to the observed distribution of uranium and thorium between
different mineral phases of the rock. Accounting for these processes by merely assuming a phase
transfer rate may be a too simplistic approach. Uncertainties are also introduced by making the
assumptions that hydrogeological and hydrochemical conditions are constant over the space- and
time-scale of interest, and that these conditions are determined by the present day situation. It
should alse be noted that the applied models are based on groundwater flow in a homogeneous
media, This is a simplification of the actual system where probably a iarge part of the flow, at least
in the unweathered zone and the transition zone, takes place in fractures.

A third type of uncertainty is associated with the data used as input to the model and with the data
with which the model results are compared. Values of the downward velocity of the transition zone,
the dissolution constant, the equilibrium concentration, the water flux, the distribution coefficient,
the recoil factor and the phase transfer rate used in the modelling were based on the results from
independent modelling and interpretations of site data. The difficulty in describing the present and
past hydrology at the site introduces uncertainties in the estimates of water fiux in the weathered
zone. The recommended ranges of K -values are based on both laboratory experiments and field
observations of the distribution of elements between water and solid phases. In the fieid, other
processes in addition to sorption may have contributed to the observed distribution between water
and solid phase, which makes K,-values based on field observations unceriain. In addition,
observations at the site have shown that most of the radionuclides in the rock are not directly
accessible to groundwater and that they therefore cannot be treated as sorbed., A K ;-value based on
the total amount of a radionuclide in the rock may thus be too high, Using a K ;-value based on the
observed partitioning of radionuclides between water and amorphous phases may be more relevant
both with respect to competing processes and accessibility, although still not without uncertainty,

The uncertainty in the observed data used for comparison and evaluation of the maodelling results
arises from the difficulty in assessing which data and form of data that should be used to best
represent the modelling purpose. It is believed that the concentrations and activity ratios measured
in bulk rock samples are more reliable than the radiochemical data given for the accessible and
inaccessible phases separately, These latter data are obtained by a sequential extraction procedure
on very small samples, and the separation into accessible and inaccessible phases of these samples
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in the extraction procedure may not necessarily represent the actual separation between accessible
and inaccessible phases of the rock at the site. Furthermore, the uranium concentrations m the
groundwater show large variations between different sampling occasions. No ciear trend could be’
found, such as an increasing or decreasing concentration with depth.
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6  Discussions and Cenclusions

6.1 Data Review

The review of the available solid uranium concentrations shows that the extension of the dispersed
fan in the south direction from the fault is around 350 m, whereas the extension in the southeast
direction is around 100 m. Information frem different depths indicates that the pattemn of the
dispersion is similar at all depths in the weathered zone. This supports the hypothesis that
groundwater movement and dispersion of uranium have taken place mainly in the transition zone.
If significant transport had occurred in the fully weathered top iayer, then the dispersion distance
from the ore body should decrease with depth. Moreover, the concentration distribution pattern
sugpests that the direction and magnitude of the average groundwater flow have net changed
significantly during the past few million years.

The hypothesis that groundwater movement and dispersion of uranium have taken g:laoc mainly in
the transition zone is, however, not supported by the observed activity tatio 2OTh/2MJ, The
sitnilarity in the activity ratio profile at different depths in the weathered zone, with values below
1 at the uranium dispersion front, indicates that uranium migration has taken place at all depihs in
the weathered zone during the last 200 GO0 years. The similarity in both uranium concentration
distribution pattern and ZEI§'l‘l-u‘”“U activity ratio profile at different depths could be explained by
assuming an initially very fast downward movement of the weathering front down to the present
base of weathering that initiated uranium migration at all depths in the weathered zone.

There appears to be a linear relationship between uranium in the accessible solid phase of the
weathered rock and the uranium concentration in the groundwater. This suggests that the sorption
process can be described by a linear adsorption isotherm with a distribution coefficient calcuiated
from the measured concentration of accessible uranjum in the solid phase and the uranium
concentration in solution.

The activity ratios (U780, Z°Tp/U)) in the accessible phase are generally lower than in the
naccessible phase, which indicates a more recent deposition of uranium in the accessibie phase
and/or a preferential transfer of U and ***Th from the accessible to the inaccessible phase, The
preferential transfer could be a result of x-recoil,

6.2 Migration Calculations

The model concepts that have been applied in this study are rather simple. The models used are
performance assessment models accounting for advection, dispersion and linear sorption in one or
two dimensions. The one-dimensional model was extended to include tecoil and phase transfer, The
vertical movement of the transition zone was included in the two-dimensional model.

One-dimensional Calculations
The dispersion distance and solid uranium concentrations calculated with the simplified one-

dimensional advection-dispersion model including sorption were in fair agreement with observed
migration distance and solid uranium concentrations in the dispersion fan. The applied model
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involved extensive simplifications of the system, but the results showed that it is possible to
simulate the observed migration distance and concentration levels with a few parameters having
values consistent with what has been recommended by independent interpreters,

The model that was extended to include chain-decay made it possible to et an independent
estimation of the migration time by studying the 2°Th/2*U ratio. The result indicated that the
migration has continued for a time period in the order of millions of years.

The introduction of &-recoil and phase transfer allowed the model to simulate certain observed
effects, e.g. the decrease in activity ratios in the bulk rock with distance and to explain the general
trend with most of the observed activity ratios in the accessible phase falling below 1 and in the
inaccessible phase above 1, but the model did not improve the match between caiculated and
observed uranium concentrations in the bulk rock. The mode] gave a description of the system that
was more consistent with what is observed at the site. The fact that the number of free parameters
is larger and that more data on the system are required compared to the more simple
advection—dispersion—reversible sorption mode] may possibly explain the difficulty in improving
the simulation results using this model.

Two-dimensional Calculations

Calculations of uranium transport in the present transition zone, not considering the moving
transition zone, resulted in contour lines of the uranium concentration in the solid phase that were
qualitatively in agreement with the contour lines from the observed concentrations, Taking into
account the movement of the transition zone, a dispersion pattem that was stationary with depth was
obtained in the weathered zone. This result is in agreement with the observations at Koongarra.
However, the calculated dispersion length was shorter than the one measured. By calibration, a
better estimate of the dispersion length could be obtained, €.g., by increasing the effective velocity
and/or the dissolution rate of uranium. Thus, the two-dimensional study showed that it is possible
to simulate the present situation in Koongarra using the concept of a moving transition zone.

Results from the ARAP

Modelling or the uranium migration was also carried out in the ARAP by ANSTO and other
organisations. The migration modelling in the ARAP was performed using medels ranging from
rather simple advection—dispersion—linear sorption models to complex multi-phase models
considering recoil and chemical transfer. The advection—dispersion-linear sorption models were
found 1o simnulate the observed extension of the uranium migration fairly well. The more complex
multi-phase models considering recoil and chemical transfer gave a good description of the
observed uranium concentrations and activity ratios in the different mineral phases of the rock, The
migration modelling carried out in the ARAP ag well as by RIVM and Kemakta in INTRAVAL
indicated that the uranium migration has continued for a titne period of about half a million up to
a few million year. This is in fair agreement with results from geomorphological investigations
which indicate that the arrival of the orebody at a depth suitable for the development of the
dispersion fan occurred sometime in the last 1-6 miltion years {Wvrwoll, 1992},
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6.3 Validation Aspects

One of the main aims of this INTRAVAL study was to test and, if possible, validate simple and
conservative models used in performance assessment of radioactive waste repositories. Although
the results from the work are not sufficient to validate simple performance assessment models in
a sirict sense, it has been shown that even simple models are able to describe the present day
distribution of uranium in the weathered zone at Koongarra, if they are based on established
transport processes and reasonably selected parameter values.

6.4 Concluding Remarks

Studies of the Alligator Rivers Natural Analogue has demonstrated that the system is very complex.
The interaction of many geochemical and geohydrological processes oCcurTing over long titnes
makes it difficult to construet a quantitative model of the history of the groundwater flow and
nuclide transport. The study has shown the importance of a joint intetpretation of different types
of data and the necessity of an iterative procedure for data collection, data interpretation and
modelling in order to get a consistent picture of the evolution of the site. Furthermore, the studies
have shown that sorption is a major retardation mechanism, that uranium fixation in crystalline
phases is a potentially important retardation mechanism in geologic media where significant
alteration of the rock is expected, and that e-recoil may have an impact on the distribution of
uranium isotopes in the water, Modelling simulations indicated migration times in fajr agreement
with independent geomorphological information.

A general conclusion from the studies is that rather simple and robust concepts and models seem
able to adequately describe the long range migration processes that have occurred. On the other
hand, for more detailed modelling and to attain a more comprehensive understanding the
geochemical processes have to be taken into account to a greater extent.
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APPENDIX 1: Data Available from the Alligator Rivers site

An extensive experimental programrne, including both field and laboratory investigations, has
resulted in a large amount of data characterising the site. A compilation of the tests that have been
carried out and the type of data acquired are given below.

Hydrogeology

Hydrogeologic data were obtained from drawdown and recovery tests, water pressure tests, aquifer
tests and slug tests. Petrophysical properties were measured in the laboratory on core satnples from
different locations. The following types of data are available from different hydrogeclogical
investigation:

- climatologic data, including precipitation and temperature

— surface water measurements, including stream flow

-~ location, elevation, geclogic logs, casing and perforation details of all test holes and wells

— map showing test hioles and wells as well as land-surface contours

— aquifer test results, incleding water-level drawdowns, discharge measurements and water
quality of discharge

— penodic water-level measurements, showing seasonal fluctuations and regional gradients

— results of geophysical surveys and back-hoe pits, showing thickness of surface deposits

— rtesults of packer tests in the upper part of the bedrock, and resistivity traverses

— results from porosity and permeability measnrements on drillcore samples,

Bydrochemistry

An extensive set of data on groundwater chemistry has been obtained from sampling in more than
70 boreholes. All recent data are from packed-off sections at different depths in the boreholes,
both in the weathered and unweathered zone. Earlier data exist from pumping and sampling over
the entire depth of the holes. Groundwater colloids and fine particles have been sampled and their
physical nature and radionuclide content investigated.

The following hydrochemical data are avaijlable:

— pH, Eh, electrical conductivity and temperature in groundwaters
- groundwater concentration of
cations (Mg, Na Al, Si, 8, K, Ca, Ti, Mn, Fe)
anions (F, HCO,, 50,, Cl, PO,)
trace metals (Cd, Cr, Cu, Pb, Mn, Mo, Ni, Zn, eti.)
uranium series nuclide (U, Th, Ra, Rn, Pb)
isotopes ("H, “'C, §13C, ¥C1/Cl, ¥
elemental and radienuclide content in colicids and particles
size distribution of colloids and particles
mineralogy of colloids and particies.
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Mineralogy and Radiochemistry

Mineralogic data are based on mineralogic and uranium assay logs of 140 percussion holes and
167 drillcores in the immediate vicinity of the uranium deposit. The distribution of uranium,
thorivm and radium isclopes has been determined in the different mineralisation zones at the site.
Selective extraction procedures have been nsed on rock samples to determine the distribution of
uranium, thorium and radium between the "amorphous” and "crystalline” phases of the rock. Tn
addition, laboratory sorption experiments have been carried out using rock samples from the site,
and distribution coefficients have been measured on natural particles extracted from the
groundwater.

The following mineralogy and radiochemistry data are available:

— mineralogic cotnpesition of rock samples

— results from chemical analyses of core samples in terms of concentrations of Al, 8i, Mg, K,
Ca, Ti, Fe, Mn, etc., and U and rare earth elements

— uranium concentration distribution assay (247 drilling locations) in core pulp and soil samples

— uranium series radioisotope activity ratios for selected samples in the ore zone

— concentrations and activity ratios of uranium and thorium in crystals of secondary uranium
mineral

- concentrations and activity ratios of uranium, thorium and radium in different mineral phases

— concentration of 'L, *Cl, *Tc and ™Pu in rock samples

— results from sorption studies on well-defined mineral phases conducted over a range of
solution pH, jonic strength, carbonate content, adsorbent and adsorbate concentrations, in (he
presence of uranium complexants and potentially competing adsorbates, such as phosphate and
fluoride.
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Intraval parties;

Agence Nationale pour la Gestion des Déchets Radioactifs {(France), Atomic Encrgy of
Canada Ltd. (Canada), Australian Nuclear Science and Technology Organisation
{Australia), Bundesanstalt fir Geowissenschaften und Rohstoffe/Bundesamt fir
Strahlenschutz {Germany), Commissariat a I'Energie Atomique/Institut de Protection et
de Sirete Nucléaire {France), Empresa Nacional de Residuos Radicactives 5.4, (Spain),
Gesellschaft fiir Reaktorsicherheit {Germany}, Gesellschaft fir 5trahlen- und
Urmweltforschung {Germany), Her Majesty’s Inspectorate of Pollution {United Kingdomt,
Industrial Power Company Ltd. {Finfand}, Japan Atemic Energy Rescarch Institute
{Japan), Nationale Genossenschaft fir die Lagerung Radiocaktiver Abfille {(Switzerland},
Mational Institute of Public Health and Environmental Hygiene {ihe Netheriands),
Mational Radiolagical Protaection Board {United Kingdom), Nuclear Safety Inspectorate
{Switzerland}, Power Reactor and Nuclear Fuel Developrment Corperation (Japan),
Swedish Nuclear Fuel and Waste Management Co. (Swaden), Swedish Nuclear Power
Inspectorate (Sweden), U.K. Nirex Ltd. {United Kingdom), U.5. Department of Energy
{United 5States}, U.5. Environmental Protection Agency (United States), U.5. Nuclear
Regulatory Commission (United States).

Observers:
International Atomic Energy Agency [IAEA), State of Nevada {United States).

Project Secretariat:
Swedish Nuclear Power Inspectorate, Her Majesty's Inspectorate of Pollution/Harwell
Labeoratories, Kemakta Consultants Ceo., Organisation for Economic Co-operation and
PDevelopment/Nuclear Energy Agency.

Copies of this report are available from:

The Swedish Nuclear Power Inspectorate (SKi}
Box 27106
5-102 52 Stackholm (Sweden)




