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ABSTRACT

A number of uranium ore bodies in the Northern Territory of Australia have
been evaluated as geochemical analogues of high-level radioactive waste
repositories. The aim of the-study is to contribute to the understanding
of the scientific basis for the long-term prediction of the transport of
radionuclides. Particular attention is being paid to investigations of
(1) mechanisms of mobilization and subsequent retardation of uranium'
series nuclides following the weathering of metamorphic host rocks,
ii) the role of iron minerals in the retardation of uranium and thorium,
iii).the role of groundwater colloids in the transport of radionuclides,
iv) experimental methods for studying the time dependence of adsorption

coefficients, and (v) conceptual methods for studying the effect of
transport of uranium series nuclides through crystalline host rocks over
geological time. The possibility of incorporating certain transuranic and~

fission product elements into the analogue is discussed.
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SUMARY AND CONCLUSIONS

The aim of the investigation is to contribute to an understanding of the
scientific basis for the long-tenn prediction of the migration of desig-
nated radionuclides from proposed high-level radioactive waste repository (HLWR)
sites. A geochemical analogue approach is being used. Detailed studies
are being made of the groundwater induced redistribution of uranium series
nuclides within and down-gradient of uranium ore bodies in the Alligator
Rivers region of the Northern Territory of Australia. A unique feature
of uranium deposits is the presence of potentially measurable levels of
the transuranics 2"Np, and "Pu and the fission products "Tc and 12'I which
have developed over geological time.

Current Status

(1) Mobilization of radionuclidea over geological time. Many of
the ore bodies intersect the surface, and comprise weathered profiles
overlying crystalline rock sequences. The radionuclides are mobilized
by weathering and are redistributed throughout the resulting iron-bearing
clays and quartz. A detailed mineralogical investigation of the weathering
processes has been undertaken. An open system uranium model has been
developed to describe the gross features of the analogue. It has been
correlated mathematically with other models, particularly with the USGS
Uranium Trend Model.

(ii) Groundvater induced transport of radionuclidea - the role of
coIZoids. Systematic studies have been made of the levels of uranium,
thorium and radium isotopes in groundwater intersecting the deposits.
Attempts are being made to include the fission products 12'I and "Tc and
" C1. Down-gradient of the Ranger One deposit, it has been possible to
show that the uranium retardation factor is about 250. Reference is
made to an independent estimate of the parameter from the Carizzo aquifer,
Texas.

Unlike uranium, a very substantial proportion of thorium is transported
by colloids. The thorium isotopes do not appear to be in equilibrium
with the solution. The implications to the prediction of the long-term
migration rate are being evaluated.

(111) The rote of iron nineratogy in uranium, thorium and radium
transport. Chemical techniques have been used to study the distribution
of uranium, thorium and radium isotopes throughout the amorphous iron, the
crystalline iron and the clay / quartz fractions of the weathered profile.
Uranium and thorium concentrate in the iron phases; radium tends to
associate with the clay / quartz. Since the crystalline iron,which is
formed from the amorphous phase, is not readily accessible to groundwater,
an additional mechanism for the retardation of uranium and thorium has
been identified.

v
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(iv) Time dependence of radionuotide sorption coefficiente.
Crucial to the attempt to assess the validity of laboratory data in
predicting the long-tenn fate of radionuclides is the question of the
variation with time of empirical adsorption coefficients. Two approaches
are being used to address this question:

(a) Systematic studies are being made of the sorption and
leaching properties of uranium, thorium and radium isotopes on
ore samples where the geological history, the mineralogy and the
radionuclide distribution have been thoroughly characterized.i

(b) Measurements have been made of the relative ratios
232ofthegarent-daughtercouples Th/22'Ra, 2 oTh/2"'Ra,

22sTh/2 "Ra and 2 7 2Th/ 2sRa. Because of the very low levels
of dissolved thorium, the data set is not complete. Neverthe-
less, attempts are being made to interpret systematic differences
in tenns of the time dependence of distribution coefficients.

Complementary laboratory experiments are being undertaken to study the
effect of a-recoil on adsorption coefficients.

(v) #igration through crystalline rocks. Work is under way to
assess the valldity over geological time of the matrix-diffusion mechanism
of the migration of radionuclides through crystalline rocks.

:

Recommendations

Recommendation 1. Further investigations of the long-tem transport of
uranium series nuotides. Special attention should be paid to increasing
the understanding of phenomena relevant both to the uranium deposits and
to proposed HLWR sites. These include:

the roles of colloids and of organic complexing agents.

in the transport of actinides,
the role of specific minerals within the host rock in,

causing radionuclide retardation,
the effect of time, and recoil processes on sorption.

properties, and
the matrix-diffusion mechanism of migration of radio-.

nuclides through crystalline rock.

Recomendation 2. Incorporation of transuranic and fisalon product
elements into the analogue. The value of the uranium deposits as HLWR
analogues will be reatig' enhanced if it is found possible to measurelevels of 287Np, 'Pu, Tc and 28'I.

vi
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Recomendation 3. Apptioation of the anatogue to the tunsport of
m dionuotidos down-g ndient of the repository site. Uranium series
nuclides are ubiquitous; their distributions can be studied in host
rocks and groundwater associated either with the deposits or with the
proposed repository sites. Clearly, the more analogous the geologies,the more direct the comparisons. If 2"Np, 2"Pu, 'Tc and a'I can be
studied in the deposits, and correlated with aspects of uranium series
transport, relevant information may be transferred to the repository site.
Should this prove possible, the ultim2te aim of the investigation vitt
have been achieved as a basis vitt have been developed for predicting
the tong-tem migntion of critical mdionuotides away from HLWR eitas.

,
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1. INTRODUCTION

The United States Nuclear Regulatory Commission (NRC) has the responsi-
bility of determining whether the disposal of high-level radioactive e

wastes (HLW) at selected geologic sites can be achieved without undue
risk to public health and safety, and has proposed a rule (10 CFR 60fil)
which specifies criteria ~ for the disposal of these wastes. Further,
geological repositories in the United States will have to comply with
standards set by the Environmental Protection Agency (EPA). The cri-
teria under which performance conditions set out in 10 CFR 60 are.s

consistent with the Draft EPA Standard No. 19 have recently been dis-
cussed [21; this standard applies to integrated releases over a period
of 10,000 years.

I33Birchard and Alexander pointed out that assessment of repository
sites over these time-scales poses three critical questions :

"(1) Can the performance of a system be predicted for thousands
of years or more without a record of equal or greater
length?

(2) How can the interactions of man-made elements such as
neptunium, plutonium and technetium be predicted in the
repository?

,

(3) How can laboratory experiments 'on complex processes be
scaled from the laboratory to repository dimensions?"

'

A partial answer to these questions may be'obtained by studying care-
fully selected geochemical analogues. No single analogue will com-
pletely model a repository site. The complexity of the problem is
illustrated by a recently published discussion of geological factors
to be considered when locating a repository.I41 Increasing confi-
dence in the long-term pre.Jiction of radionuclide transport will
develop wi'.h insights obtained from a range of investigations.

The naturai reector system at the Oklo mines in the Franceville
Basin, Gabon, is the most extensively studied analogue of a nuclear
waste repository.I51 Uranium mineralization occurred about
2.05 x 10' years ago and it seems likely that conditions for
criticality were established soon after and were maintained for
a period between 10 and 5 x 105 years. During this time, the aver-5

age thermal loading within the reactor zones was about 50 W m-2 op

two to five times greater than that determined for reference waste
repositories.[61 Aqueous solutions circulating through the critical
zone were heated to temperatures between 450 and 600 C. Significant
fractions of technetium (15 to 40%), ruthenium (10 to 25%) and neo-
dymium (0 to 15%) were leached from the reactor core but retained
within a few tens of metres of the source. There is no evidence for
the migration and redistribution of 23sPu. Distribution coefficients

2 to 10" timesfor ruthenium and technetium deduced from Oklo data are 10
greater than those found from sorption studies on granite, argillite and
tuff.ISI5

1
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In general, geochemical analogues need not be as comprchensive as Oklo
~

to be useful. However, they should all exhibit certain common features:

(a) . They should contain a'well defined boundary across which trans-
port may be measured, i.e. a spat,ial discontinuity.

(b) There should be a method for establishing a time frame. This
~

>

'

may involve knowledge of the time of development of the feature.
If radioactive nuclides are being studied, there may be inde-
pendent methods for dating key processes.;

. There are several classes of analogues :'

(1)Intrusives.I7-91 -The penetration.of intrusives at known geological,

'

times-can provide useful analogues. Brookins and co-workersl7-81 '

recently described two examples. In one instance they studied
the Alamosa River intrusive which penetrates tuffaceous rocks' *
and andesites of the Platoro Caldera in the San Juan Mountains,

4- of' southern Colorado. .The intrusive was emplaced about 29.1
'

million years before present.(MYBP), and initiated extensive
hydrothermal circulation. Detailed studies were made of the
variation.of Th, U Co, Sr. Ba, Cs, Rb, Sc, V and Fe with
distance from the contact zone. The distribution of U, Th,
rare 'ecrth elements, V, and Ti in each rock is apparently
unaffected by the intrusion despite the hydrothermal activity .

which, on the basis of evidence from similar areas, may have
lasted from 0.5 to-2 million years. The absence of migration

, - between tuffs and monzonites supports continued assessment of,'

such rock formations as radwaste repositories. An earlier
1 study of the Eldore-Bryan stock intruding into the Idaho
Springs Formation, Colorado, showed the suitability of some,

'

crystalline rocks for elemental retention in the intrusion
Zone.~

.(11) Existing disposal sites.- Detailed ~ studies of existing-
disposal sites can provide information on the migration of
radionuclides over many years in different geological settings
and various climatic regimes (for example, current investi-

|
,

~

gations carried out at Maxey Flats, Kentucky; West Valley,
New York- Sheffield, Illinois; and Barnwell,' South
Carolinal31).

.

,

. (iii) Host rock / groundwater systems. Host rock / groundwater systems
are geochemical analogues of aspects of the radionuclide

,

-transport process, if criteria (a) and (b) are accepted. j

Although the applicability of the analogue is limited, some '

al.[y important questions may be addressed.
ver Krishnaswami et,

101 recently investigated virtually everys2ThIcng-lived
1 (half-life > 1 day) member of the 2asU and series in

groundwater samples from different hydrogeologic settings
in Connecticut. They concluded that sorption removes radium

j ' and thorium from these groundwaters on a time-scale of 3 minutes .)

:
'

1

'2

:
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or less; that desorption occurs within a timescale of 1 week
or less; that there is equilibrium between solution and solid
phases; and that uranium, thorium and lead retardation factors
may be calculated from isotopic data. Retardation factors for
radium under these conditions varied from 4800 in a sample from
arkosic rocks of Triassic-Jurassic age, to 123,000 in groundwater
from crystalline bedrock. In an analogous investigation, Laul
and co-workersilll, studied the 22 era 2eTh 22"Ra series in
' brines from the Wolfcamp and Granite Wash aquifers. The data
were interpreted as indicating little retardation of radium in
brines, but retardation factors of about 80 for. thorium.

(iv) Uraniwn deposits. Uranium deposits comprise a range of isotopes
belonging to the U, assU and.232Th series. In addition,228

za7sufficient quantities of the transuranic elements Np and
128 ,are probably23'Pu, and the fission products ''Tc and 1

present to allow quantitative measurement and the mobility of
such radionuclides in natural systems. Carefully chosen
deposits are therefore useful analogues of nuclear waste
repositories.

In 1981, the Australian Atomic Energy Commission (AAEC) contracted with
the NRC to undertake a systematic investigation of the radiunuclide mi-
gration around ore bodies in the Alligator Rivers Uranium Province in
the Northern Territory of Australia (Figure 1). The deposits have been
chosen for study for the following reasons :

(1) There are a number of accessible deposits which may be com-
pared to establish general features of radionuclide re-
distribution within and down-gradient of the deposit.

(ii) At least-four of the deposits intersect the ground surface.
The uranium series nuclides are therefore distributed
between the main metamorphosed sequences and the over-
lying weathered profile. It is therefore possible, in
principle, to compare the radionuclide transport within
-the crystalline schists, gneisses and silicified carbonates,
and the iron-bearing clays and quartz into which they
weather.

(iii) Weathering leads to mobilization of uranium and provides a
rational basis for the definition of zero time, which is
essential for the matheratical modelling of transport.

(iv) Groundwater intersects all deposits and not only induces
redistribution of radionuclides within the ore zone but also
leads to down-gradient transport. In some cases, retardation
factors related to migration through the late Quaternary may
be studied.

237 239
| (v) Low levels of the transuranics Np and Pu and the

fission products 1 and ''Tc, which are relevant to the129

calculation of the total dose commitment to the public, may
be incorporated into the analogue.

3
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Three specific research-oriented tasks were defined :

Task C. Determine whether short-time sorption / leaching
behaviour is like long-time behaviour by conducting
laboratory leaching experiments on weathered zone material.

Task D. _ Conduct experiments to compare migration in zones
where uranium is in the 4+ valence state.

Task E. Conduct experiments to compare migration distances
and rates of transport away from the Jabiluka Two ore body.

This investigation is an extension of previous studies of uranium
series diseouilibria at the Nabarlek deposit [121 and the Austatom
prospectt 13 ]' . Analogous studies in the Koongarra deposit have also
been reportedil43

An account is
Annual Report g61;iven of progress since the presentation of the firstl in essence, it is a synthesis of much of the
material contained in the fifth, sixth and seventh Quarterly
Reportstn ,181 Summary accounts were presented at three recent
conferences [19,211,
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2. METHODOLOGY

2.1 General

The broad aims of the project, discussed in detail in the first Annual
Reportlll, are

to establish the scientific principles whereby laboratory and.-

field observations made over a timescale of days, months or
a few years may be used to predict transport over thousands to
hundreds of thousands of years, and

to demonstrate the application of these principles to the pre-
.

diction of radionuclide transport in geologic settings being
considered for HLW repositories.

Broadly speaking, the program is implemented in three stages :

Stage (1) The validity of the Alligator Rivers are deposits
as analogues of radioactive waste repositories is investi-
gated. A detailed understanding is sought of the redistribution
of radionuclides within, and their migration from the deposits.

Stage (2) Correlations are established between the results of
sorption / leaching studies and those properties of the ore which
reflect the cumulative effect of transport over geologic time.

Stage (3) A basis is sought for applying the correlations which
were developed for the geochemical analogue, to a wide range of
geologic settings.

t

A schematic representation of the geochemical analogue approach is shown
in Figure 2. The ore samples are represented by a matrix hosting a suite
of radionuclides M, and associated either with natural or ' synthetic'
groundwater. The correlations between the laboratory and field work can be
seen by comparing the right- and left-hand portions of the diagram. Three
important relationships are illustrated:
1. The relationship between the groundwater chemistry and the

distribution of radionuclides through the ore sample. This is
fundamental to the understanding of the mechanism of mobilization
of radionuclides and sub-surface transport.

2. The. relationship between leaching experiments and the distribution
of radionuclides through the ore sample. These experiments may
contribute to the interpretation of laboratory observations in
terms of the sample geochemistry which has evolved over geological
time.

3. The relationship between the sorption experiments and the matrix
,

|
composition.

7



2.2 Stage 1 - Development of the Geochemical Analogue

2.2.1 Geochemical modelling

A mathematical model has been developed to describe the gross features
of the redistribution of uranium and radium within the upper sequences
of the uranium deposits. It is useful

for defining a time frame associated with leaching, deposition.

and erosion,

for relating parameters between one deposit and another,.

for providing a basis for correlating laboratory sorption /.

desorption experiments with the rate of redistribution of
uranium series nuclides throughout the ore body, and

for providing a quantitative basis for assessment of possible.

extensions to the analogue.

2.2.2 Investigation of ore samples

The geochemical model describes only the gross features of the near sur-
face zones of the uranium deposits. Model output needs to be inter-
preted in terms of detailed studies of the ore samples.

Mineralogy

X-ray diffraction and optical techniques are used to study the miner-
alogy. Special attention is paid to iron minerals on which a sub-
stantial proportion of uranium and thorium is adsorbed, and which
comprise a significant fraction of groundwater particulates.

Selective Phace Separation

! Sequential leaching techniques have been applied to the separation of
| identifiable phases from the weathered ore. If the coextracted
! uranium series nuclides are uniquely associated with the separated

phase, this provides a powerful technique for studying their distri-
bution throughout the are samples. Observed disequilibria may reflect

| the time which has elapsed since weathering and provide a basis of
| correlating a class of laboratory observations with the output of the

geochemical model.

2.2.3 Groundwater studies
,

i

| Groundwater is the principal means of sub-surface transport of uranium
| series nuclides. Studies are therefore being undertaken of ground-
| water migration and solute transport mechanisms. Isotope hydrology
| techniques have been used, since the data may be interpreted in terms

of the cumulative effect of migration of water over thousands of years.
Attempts are being made to quantify the relative roles of solute and
colloidal transport.

8
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2.2.4 Extension of the analogue

-Preliminary studies are being made of uranium series' transport within
.the crystalline rock of the Jabiluka Two ore body. Interpretation of

the disequilibria in terms of the matrix diffusion theory of solute
.

. transport'will be attempted. Since the timescales accessible to
2soTh/23"U and as"U/zasU investigations (<500,000 y) may be too short,
measurements of lead / uranium ratios are being undertaken. The analogue
could be extended further to include such nuclides as 2'I, "Tc and

possibly 237Np and 23sPu.

2.3 Stage 2 - Laboratory Sorption / Leaching Studies

A systematic set of laboratory sorption / leaching experiments is being
undertaken to establish correlations (2) and (3) (Figure 2). As indicated
in Section 2.1, sorption / leaching experiments are conceptually differ-
ent. There are clear adv6ntages for running both classes of experiment
simultaneously on the same sample. Uranium-236, an isotope not found
in nature, is added to the aqueous phase and the 2s"U:2ssU:2seu ratios

-

measured in solution and on the substrate. The 2ssU distribution co-
efficient is used to monitor sorption; the corresponding 23"U and 2seg
parameters reflect leaching.

2.4 Stage 3 - Application to Other Geologic Settings
j

As indicated in Section 2.1, the insights obtained from the geo-2

' chemical analogue need to be validated and applied to geologic sites
being considered for HLW repositories. Sorption / leaching studies
could be made on host rock, based on either ambient levels of uranium,
thorium and radium, or appropriate non-radioactive elements. The
data could be used to predict the migration of transuranic and fission
product nuclides on the basis of correlations established from the uranium
deposits (Section 2.2.4).
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3. OPEN SYSTEM MODEL

3.1 Review of Open System Models *

The application of uranium series dgquilibria to geochronology hasrecently been extensively reviewed. .A few salient points only need
to be made. Materials such as speleothems, corals, shells and trav-

'
-ertines behave as closed systems under the following conditions :
the samples are impermeable to groundwater, show no evidence of

i , weathering or secondary mineralization, and have no detrital material.
Virtually none of these conditions apply to the weathered sequences
of uranium ore bodies; therefore open system modelling techniques i

must-be applied.
4

An early. attempt to develop [an open system model of aragonitic molluscshells was made by Rosholt. 2] The development was made necessary by
the observation of an excess of 231Pa in some samples. It is assumed
(a) that~ the uranium is slowly assimilated by the shells over a rela-
tively long period after deposition in marine sediments, and (b) that,

all of the -2 2Pa and 2soTh are authigenic and none are leached from
the shell. Analytical expressions for the 231Pa, 2soTh, 23"U and

- aseU in the shell sample are developed and rationalized with experi-
mental values by adjusting the.23"U/2380 ratios associated with the
uranium flux R and the uranium leached from the sample R . In ap t

i later development of the model, Szabo and RosholtI31 allowed for an
i initial assimilation of uranium and subsequent weathering, leading
'

. to the uptake of 2soTh'and 231Pa as well as 23"U.

Hille . proposed another approach in which the daughter products re-
main chemically stable but the uranium, which migrates into the shell
shortly after .the death of the organism, can change with time accord-

. . ing - to a first order law.

Of more direct relevance to the current work is the uranium trend
dating model developed recently by Rosholt sl. .The aim of this modelt

is to date the deposition of alluvial, eolian, lacustrine and other i>

'

deposits. The principle depends on the fact that water, with a small.
amount of uranium and its daughter products, permeates the deposit.
The flux of the mobile phase uranium is defined in terms of an empirical
factor F(0) which is associated with an exponential decay constant Ao.

i ' Time t is measured from the comencement of the n.ovement of water-
through the system. The model is empirical in the sense that rigorous<

mathematical equations based on established physical parameters are not
generated. However, a relationship is developed between (236g.23eU)/

-

seu and (23eU 2soTh)/ :eV which defines the ' uranium trend line',2

the product Aot, and related parameters involving the isotopic decay
j constants. A calibration from known deposits is required to separate
i- Ao from t and hence to determine the age of the deposit.
:

>

s

&

h.
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3.2; Description of Model *

The principal features of-the present open system model were outlined
D in the first Annual Report.[6] The upper sequences of the ore body ,

.were classified into four zones (Table 1). These zones correlate
broadly with the mineralogical description of the area. Additional
evidence for the classification comes from the systematic variation-

in.the aseTh/2s"U ratios .(Figure 3). Data' from Ranger One, Jabiluka
One and Nabarlek show similar trends. Zone I- exhibits large 23oTh/23"U
ratios due to the systematic leaching of uranium. Zone II generally
shows a aseTh deficit which is evidence for deposition. The transition .

zone III gives evidence for some loss of uranium associated with the
mobilization of the element during the weatnering process.

A schematic representation of the model is shown in Figure 4. The
' dynamics of the system is determined not only by the groundwater flow

; characteristics, but also by the rate of advance of the weathering
~ front _W, which is assumed to balance approximately the rate of surface '

erosion E and the time-averaged position of the water table over.a
_very long period. If E and W were not in balance, the' thicknass of the-

weathered zcne, which has been developing since the Tertiary, would be
either very small (E>W) or very large (W>E).

The aim of the model is to calculate the following parameters :
8:

.the residence time t of the sample within its particular.

zone,

the net rate of leaching (or accumulation) of uranium,.

the activity ratio 23"U/2seu associated with leaching or.

deposition.

If t and the heights h , h11, h ri above the boundaries of the res-i i

pective z'ones I/II, II/III and III/IV are known, the rate of advance
.of the weathering W (= rate of ercsion E) may be calculated from the
average values of the quotients h /t, h11/t or h111/t.1

In 'the calculation, it is necessary to define two independent sets
|

-of initial conditions :

(23"U/ ssU)o, (23aTh/ s"U)n and (231p,fassU)0 The values2 2-
.

of tne activity ratios for zone I, say, are assumed to be-

. equal to those found in the upper region of zone II. The
initial values for zones-II and III are defined similarly.

tig. The initial time to is defined as the time of the.

passage of the zone boundary. Thus for zone I, to refers to
the time at which the boundary between zone I and II coincides
with the sample.

i

* -Mathematical symbols are listed in Appendix C.
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- 3.3 Generalization of the Model

In the published version of the model[61 it was assumed that leaching or
deposition were linear functions of time. This arbitary restriction has
been removed in the development discussed below. Following HilleI41, it
is now assumed that the leaching and deposition are first order processes,
i.e. they are proportional to the concentration of accessible uranium in
the ore.

This is a satisfactory description for leaching; however, it means that
the rate of deposition is related to a property of the substrate and is
only valid if there is good correlation between the level of uranium in
the ore and in the groundwater. It is argued in Section 6.5 that, in
the weathered region, the relevant property is the number of accessible
sites on the amorphous component of the iron or aluminium. It is import-
ant to note that the formulation presented below, is identical to that
given in the first Annual Report for low leaching rates.

The generating equations can be written as follows :

Us(to) exp - ( As + C) t (1)Us =

Us(t ) exp - (As + C) t (2)Us =
o

Hence

(As + RC)US-A U. (3)-duu/dt =

A I-AuUS (4)-dI/dt = j

A Pa Asus (5)-dPa/dt =
p

As s, A US, AjI and A Pa are activities of 9, 23sU, 23"U,238
where AeVey82 u p
aseTh and Pa respectively; E is the rate of leaching (+ve) or
deposition (-ve); R is the 23"U/238U ratio of the leachate (or of the

t is the elapsed time;. and Us(to), Us(to) are
depositing material)jssU at the initial time, t (Section 3.2).the levels of 23sU,

The following expressions are developed in Appendix A:

(a) Uranium-234

A'
Su = Su(t ) exp (b-a)t + W-a) (exp(b-a)t - 1) (6)g

(b) Thorium-230

Si x D = Si(t ),exp(a --A )t + A (1 - exp(a - A )tr)/(Aj - a)o j j j

+ A Au((b - a) exp((a -A )t + (a -A ) exp-(b - a)t + Aj - b)/j j j

[(b - a)(a - A )(b - A ) S(t )] (7)j j o

where D = 1 + Au(1 - exp -(b-a)t)/(b-a) Su(t ) .

o
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(c) Protactinium-231

A

Sp = Sp(to) exp (c-A t) + c p (exp (c-A )t - 1) (8)p p

where Su = 23"U/_2ssU (9)

Si = 23oTh/ 3"U (10)2

Sp = 231Pa/23sU (11)

Su(t ), Si(t ) and Sp(t ) are the values at the defined zero time to o o o

a = Ag + RC (12)

b= As + E (13)

c= As + E (14)

3.4 Computational Methods

The computational techniques which were outlined in the first Annual Re-
port [61, require the following steps :

(1) Select an appropriate range of values for the variable parameters
& and R, and the activity ratios Su(to), Si(to) and Sp(Lo) at zero i

time.

(2) Calculate the values 23"U/ 38U, 23 Th/ a"U and 231Pa/ 3s0 and2 2 2

compare them with the measured values,

(3) '' List those sets of parameters in which all observed and calcu-
~

t

lated activity ratios agree to within 10 per cent.

(4) Select those sets of parameters which are internally self-
consistent. The criteria used are :

(a) mass balance: the total leaching rate should approxi-
mately balance the total deposition;

(b) the assumed constancy of the rate of erosion E and the
rate of advance of the weathering front W, i.e.
W = t/hyyy (Figure 4), should be approximately constant.

Data from Jabiluka One, Ranger One and Nabarlek have been recomputed and
the values listed in Tables 2 to 6a.

Sensitivity Ana ysie

One of the advantages of developing full analytical expressions for the
activity ratios is that the sensitivity of the computer values to the

13

.



variable parameters can be readily assessed. An extreme example of the
importance of a sensitivity analysis is shown .n Figure 5. In this in-
stance, the activity ratios 2soTh/23"U, 231Pa/23sU and 23"U/ seu are2

plotted as a function of the leaching (deposition) rate ( when R is 0.50
and the elapsed time is 75,000 years. A discontinuity in 2soTh/23"U is
observed at moderate values of E. The uncertainties in the estimates of
the parameters are listed in Tables 2 to 6.

They3"Th/ represent the range of23"U.-values corresponding to a 10 per cent change in

3.5 Comments on the Validity of the Model

Independent confirmation of the validity of general features of the model
is obtained from field observations.

3.5.1 Four-zone classification

The sub-division of the upper sequences of the ore bodies into four innes
is generally consistent with the description of the soil profile descrip-
tion for core 51/146 (Table 7).

-3.5.2 Dominance of the uranium flux in the vertical profile

A common feature of all the uranium deposits studied is the large excess
of 2soTh. Values of Th/23"U greater than 2 are frequently observed.8

Appreciable amounts of uranium must be leached to maintain this dis-
equilibrium. Estimates of the leaching rates are given in Tables 2 to
6. An example was provided in Section 6.5.1 of the first Annual Report,
where it was shown that if all the leached uranium from Ranger One were
transported laterally with the horizontal component of groundwater
flow, either it would remain dissolved in the groundwater, in which
case the concentrations would reach values up to twenty times those
observed, or the uranium would be precipitated down-gradient of the
deposits, Tii which case there would be secondary accumulation with a
significant excess of 23"U.

Secondary surface accumulations have in fact been observed down-gradient
of the Nabarlek ore body. However, since the samples show a substantial
excess of thorium, it is assumed that the redistribution has been caused
by surface erosion. Of greater relevance is the sub-surface secondary
mineralization associated with Koongarra. Further work is under way to
evaluate the model on the basis of the data from this deposit.

3.5.3 Senaration of zones of leaching and zones of deposition
'

General evidence for the separation of zones (f leaching and deposition23has been obtained from the consistent trend of 2soTh/ U activity

ratios from three deposits (Fgure 3)". Confirmation has recently been
'Th/ U and 23"U/2seu activity ratios2obtained from studies of the

,

!

i

!

!
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in phases extracted sequentially from S1/146 core samples from Ranger.,

One. Of particular interest are the data from the amorphous iron
phase as the secondary crystalline mir.arals from which they are de-
rived are less accessible to leaching and deposition processes. In
the upper zone I, there is an excess of 23oTh; '"Th/23"U ratios
vary from 1.4 to 4.7. In the zone of deposition, zone II, 23cTh is
deficient (activity ratios vary from 0.75 to 0.37). Full details are
discussed in Section 6.5.2.

3.5.4 Erosion

Estimates of the erosion rates at Ranger One and Jabiluka One vary be-
tween 0.02 and 0.96 mm/y, with a mean value of about 0.02 mm/y. There
are problems in relating the calculated erosion rates to the assumed
stability of the landscape since the Tertiary period. However, it is
pointed out that erosion is a local phenomenon, and that observations
at a specific site over a relatively restricted period (<500,000 y)
cannot necessarily be generalized over geological time. Attempts to
estimate erosion and deposition rates gave values that were consistent..

with those found from the model.

3.6 Correlation with the Uranium Trend Dating Mode 1[5]

The general features of the uranium trend dating model have been out-
lined in Section 3.1. Attempts have been made to interpret perturbations
in the levels of uranium series nuclides produced by the flux.of uranium
in the mobile aqueous phase. To apply the model to s
zons, a uranium trend line is obtained by plotting (2pecific soil hori-"U 23"U)/ 3eV2

against (aseU 23aTh)/ 3eU. Specific expressions have been obtained for2

these ratios in terms of
238the decay constants of U, 23"U and 2soTh,.

the elapsed time t, and.

the decay constant Ao,.

where the parameter Ao is the decay constant associated with the uranium
flux F(0). In the words of Rosholt, "The actual physical significance
of F(0) is not well understood. It is related to the flux of mobile
phase uranium through a. deposit; isotopic data for deposits of known
age indicate that this flux decreases exponentially with time."[5]

The open system model (Section 3.2) has many features in common with the
uranium trend model and may be correlated with it.

(a) The parameters (23"U 2380)/ U and (2:eU 2soTh)/23eU which de-238

fine the trend line are equivalent to (Su(1) and (1-Si) (equaticm (9)
and (10)) respectively.

15-
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(b) The uranium trend dating model is defined in terms of two variable
parameters, t and Ao (the empirical decay constant associated with F(0);
the relationship between (Su-1) and (1-Si) is determined by t, a first
order leaching (or desorption) term (, and the ratio R of the 23"U to
238U leaching rates.

To establish a relationship between the grouped parameter Ao and the
terms E and R, attempts are made to obtain a suite of calibration curves
analogous to the curve 3 of reference [53 If successful, new insights
into the significance of Ao on the one hand and C and R on the other
may be obtained. Work is currently proceeding along these lines.
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4. APPLICATION OF THE OPEN SYSTEM MODEL TO THE NABARLEK

DEPOSIT

4)1 Geology - Brief Description

Heggeet:al31I"haveprovidedabriefdescriptionofthegeologyofthe
:Nabarlek; region (Figure 1) : uranium mineralization consists of massive
and disseminated pitchblende associated with a halo of secondary minerals;
the ore body _ occurs within chloritic schists and is best developed v:here
the adjacent country rocks are chloritic; hematite.is a major constitent
near.the. centre of the zone of mineralization; the ore body is underlain
by the Denpelli dolerite sill which locally is about 200 m thick. 'A
generalized geological cross sectionlll is shown in the insert of Figure 6.

The principal aquifers are within the fracture zones of the relatively
Limpermeable crystalline rock mass. The groundwater generally occurs over
-a 20 m interval between 55 and 35 m. The top of the aquifer zone ranges
from 10 to 25 m below the surface. The aquifer is overlain by weathered ;

material which, within the mine area, is often clayey and extends to
. depths of about 10 to .20 m. - This is overlain by less than 1 m of later-
itic soil and sand. During the wet season, the groundwater flow is
generally towards the east and is controlled largely by the topography.
The direction changes towards the south-west during the wet season, and
.is. possibly. detennined by the bed-rock fracture patterns.

'

4.2 Uranium Series Disequilibria Within the Ore Body

4.2.1 Four-zone model

A series of drill-core samples was collected from the Nabarlek ore body
(Figures 7-10) and assayed for 23"U/2380,_2soTh/2s"U and 22sRa/28'Th
. ratios. The data are listed in Table 8. Figure 3 indicates the variation
of 2soTh/ _s"U ratio with depth; the analogous relationship for Ranger2

One and Jabiluka One deposits is shown as an insert (see Figure 22 of
Ref.J2). A large surface excess of thorium overlays a zone of depletion.
The activity ratio rises in the transition region between the weathered
and unoxidized host rock. From this, it is clear that the four-zone
model developed for Ranger One and Jabiluka One can be applied to the

~

Nabarlek ore body.

i
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BOUNDARY CONDITIONS FOR THE FOUR-ZONE MODEL (NABARLEK)

Depth to
Zone +Zone (2s"U/2seU)+ (2oTh/as"U)0

ComentInterface 0
(m)

I 1.710.1 1.0 0.7 Zone of leaching; corre-
lates with unsaturated
zone.

II 1011 1.0 1.0 Zone of deposition;
correlates with saturated
zone in weathered zone.

III * 1.0 1.0 Transition zone between
weathered and unweathered
host rock.

IV Unweathered(crystalline)
zone.

Values of the isotope ratio at the zero time point t .[2]+
o

* The zone interface cannot be located from the 2soTh/ 3"U ratios.2

.

A schematic representation of the four-zone model is shown in Figure 4.
The interpretation of the zero time t , the method for calculating E, theo
rate of surface erosion, W, the rate of advance of the weathering front,
and L(D), the rate of leaching (deposition) are set out in Reference (2).

Computed values for the model parameters are listed in Table 8. The calcu-
lations cannot be extended to zone III because the isotope data are not
sufficiently different from those in zone IV.

From Table 8 it can be seen that there is significant uranium leach-
itig in the upper zone and depositien in zone II. The upper zone is inter-
preted as the unsaturated region, averaged throughout the late Quaternary.

. Its thickness (1.7 m) is substantially'less than that observed at Ranger,

One and Jabiluka One (8 * 1 m). It is also deduced from the model that

(1) the average rate of surface erosion (0.05 m/1000 y) is
comparable to that observed at Ranger One and Jabiluka One
(0.02 - 0.9 m/1000 y (see Tables 2-6), and

(ii) in general, the leaching rate is somewhat greater.

Zone I corresponds to the surface layer of sandy lateritic soil, which is
generally unsaturated; zone II corresponds to a sature.ced weathered,

region; and zone III is a transition region between the fully weathered
schists and the underlying fractured rock (zone IV).

18
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4.2.2 Uranium migration, vertical component i
s
AAs with the Ranger and Jabiluka ore bodies, the vertical uranium flux

far exceeds the horizontal component induced by regional groundwater flow. 8
Quantitative estimates are inevitably crude but important in assessing the g_
ore body of the geochemical analogue of a waste repository. Data were used i
from drill holes 52, 71 and 91 which intersect the deposit (Figures 7-10). 3
The results are listed in Table 9. _g

w-

Averaged over available profiles, the annual leaching rate per cubic metre i
of core in zone I is about 2.7 mg. The corresponding deposition rate ?
in zone II is 124 mg. Although the leaching rate, expressed as a percent- 4
age of total uranium, is greater in zone I, the calculated deposition rate ---

in zone II is greater by more than an order of magnitude. There are two c

possible causes for this discrepancy: 3
(1) At low proportional deposition / leaching rates, the calculation L

f as a guide to his extremely inaccurate and can serve on1
quantitative behaviour. ,

5
(ii) In contrast to the Ranger One study [2] , the contribution of &_

Czone III (a region of leaching) to the total flux cannot be
calculated. F

c
w

4.2.3 Uranium migration, horizontal component 3

_

_

4.2.3.1 Groundwater =-

Before the commencement of mining, it is highly likely[3]that a component ofthe regional groundwater flow intersected the deposit. The net horizontal $
flux of dissolved uranium out of the zone of mineralization can be esti- i_
mated. It is necessary to assume that a representative concentration of
uranium in groundwater immediately down-gradient of the deposit is that ___

Cin OB 20 (Figure 6), i.e. 79 pg L-1 If the distance across the zone of
mineralization is assumed to be about 100 m, the gradient dJ/dx = 0.8 -

pg L-2 m-l. Hence if the porosity (0) is 0.5, the depth of weathered f
""host rock (H) is 10 m, and the groundwater velocity is V m y , the net

annual rate of transport of uranium per cubic metre of core (T) is i
-

du/dx x 0 x H x VT =

4 x V(mg m-l y-1) . $=
g-

=

4.2.3.3 Erosion 7
9

The average rate of surface erosion is about 0.06 mm y . If an average f
uranium level of 500 pg g-2 and a bulk density of say,1.3-1.4, is

2assumed, the annual rate of uranium loss is 0.06 x 0.1 x 10" cm x 2.6 g -

cm-2 x 500 x 10-8 mg g-1 or 39 mg m-2 Thus, as with Ranger One, erosion j
._
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.
is probably the major mechanism of removal of uranium from the ore body.
It would thus appear that the accumulation of uranium near the surface
down-gradient of. the ore-bearing zone is due principally to erosion.
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5. MINERALOGY OF DRILL CORE SAMPLES

.

5.1 Introduction

There is a relationship between the release and redistribution of radio-
nuclides, the mineralogy and the geochemical and hydrochemical processes
occurring in the accessible time-scale. To investigate this relationship,
the mineralogy of two drill holes at Jabiluka One (DH 3 and DH 16) and one
at Ranger One (S1/146) is being studied and correlated with measured
uranium series disequilibria. The aim ef these investigations are:

..

(i) to correlate differences in mineralogy and geochemical history
with the isotopic data;

(ii) to gain information on weathering processes which may be
important for the transport and storage of radionuclides;

.

(iii) to gain an understanding of the processes and time-scale of
schist weathering;

(iv) to identify the mireral components associated with the radio-
nuclides under investigation (Section 6).

5.2 X-ray Diffraction Methods

For the initial investigations of the mineralogical composition, X-ray
diffraction (XRD) was carried out on the <100 mesh B.S. powder prepared
with a ring grinder. This technique enables. identification of such com-
ponents as iron oxides and oxyhydroxides which, although present in small
concentrations, may have a major effect on radionuclide storage. Two
types of samples were used:

(1)RandomPowders. There is no preferred orientation, and all
hkl reflections should be observed in the ratios recorded
in the Powder Diffraction File.Ill

(ii) Sedimented Aggregates. In sedimented aggregates the plate-like
clay minerals have a preferred orientation; particles tend to
lie parallel to each other and the underlying surface. In a
completely basal orientation, the identification of the minerals
in a sample relies solely on the basal reflections. The
sedimented aggregates are saturated with various cations at
different relative humidities, heated, and treated with
organic solvents to identify the reflections positively.

The theory and practice of XRD analysis has been described in detail by
Klug and Alexander. [2] The interpretation of the reflections from random
powders and sedimented aggregates has been discussed by several
workers j3 -81 Unless otherwise stated, these references were used

_

to interpret all XRD patterns. fix .J
j .,, .

2[Drill locations are shown in Figure 1. ?*

.>

M:*[
,
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'5.3 Experimental
_

.The <100 mesh B.S. samples -(used for isotope counting) were run as random ,

,
powders without additional treatment. Samples run were:

'

~Jabiluka One : DH 3 - 11.0 m, 11.3 m, 14.0 m, 20.1 m 29.6 m, 70.5 m

{ DH.16 - 4.0 m,-8.2 m, 13.1 m, 19.5 m, 45.1 m,.54.6 m

| Ranger _0ne :-S1/146.- 2.7 m, 4.0 m, 9.1 m, 13.1 m, 14.6 m, 21,0 m

The S1/146 2.7 m,.4.0 m, 9.1 m, 13.1 m samples were also separated into
<2 pm and >2 um sized fractions. Diffraction patterns of. the >2 pm fraction -
were obtained for all four samples and the_ 2 <m fraction-for the 2.7 m and

n' ' the ~13.1~ m sample was also analysed. The . samples were run from 2-75 20,
. using CoK, radiation.

The <2 pm fractions for the untreated samples were collected by sedimenta-
,.
i ,-tion, according to Stokes' law, following ultrasonic dispersion which
,

minimized alteration of the samples. Sedimented aggregates were prepared
| by filtering onto a ceramic- tile or evaporating onto a glass slide.
i'

Magnesium (Mg)and. potassium (K)saturatedaggrea}steswereprepared.
The

Mg saturated aggregates were run dry (Mg(air dry ) and wet (Mg(wet)), ori

glycerated to facilitate identification. The K saturated samples were
also heated for two hours at 120 C (K(120*), '200 C, 300 C, 400*C and

[ .550*C. All K samples were analysed by XRD between each heating sequence.
'

- The samples from S1/146 were . inspected for structure and fabric, and their
colour was. determined using a Munsell colcur chart.

5. 4 :- Results and Discussion

f .The diffraction patterns- from all treatments for the ' sedimented aggregates
of DH 16 .4.0.m and DH 16 .54.6 m are shown in Figure 11. The Mg(air

.

dry) XRD pattern for the DH 16 - 4.0 m sample shows three reflections:
; -

| the 1.00 nm aflection corresponds to the 001 reflection of mica; the
! -1.45 am ref'ection corresponds to the' 001 reflection of chlorite, smectite
j or vermiculite; and the 0.72 nm reflection corresponds to the 002 of
L 1.4 nm minerals, and have an intensity due to the 001 reflection of

kaolinite (identified by XRD on the random powders).'

. Smectite can be distinguished from chlorite or verniculite by'its swelling
~

: property when' wet or when treated with organic solvents. The swelling of ji

.part of. the 1.4 nm peak to 1.87 nm in the Mg(wet) diffraction pattern and;

p |1.78_nm in the Mg(glycerol) diffraction pattern of sample DH 16 - 4.0 m
L indicates the presence of smectite. Smectite will also collapse, giving
[- a 1.0 nm spacing, when the K saturated aggregate is' heated. The presence

I'of smectite:is- also indicated by a large fall in intensity of the 1.4 nm
reflection and an increase-in intensity of the 1.00 nm reflection of thei

K(120*) diffraction pattern relative to the K(air dry) diffraction
pattern.

.

,

--
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When saturated with K and air dried, vermiculites are distinguished from
the other 1.4 nm minerals by the fact that they collapse, giving a 1.0 nm
spacing. Comparison of the K(air dry) with the Mg(air dry) diffraction
pattern of sample DH 4 - 16.0 m shows a small amount of collapse which
indicates the presence of some vermiculite.

Any remaining intensity of the 1.4 nm reflection after heating to 120 C or
200 C is due to chlorite. The constituents of the sedinented aggregates of
DH 16 - 4.0 m are therefore chlorite, kaolinite, mica, smectite, and
vermiculite.

In comparison, the 54.5 m sample shows no swelling ur collapse, indicating
the absence of smectite or vermiculite. Kaolinite was not observed in the
random powder diffraction pattern. The constituents are therefore chlorite
and mica.

The Mg(wet), Mg(air dry), K(wet), K(air dry) and K(120 C) diffraction
patterns show changes in the mica peak position and width. This suggests
that some of the mica is interstratified, the interstratification being
either mica / smectite or mica /high charge smectite. The sample from DH 3 -
20.1 m shows a greater conce, tration of interstratified mica than other
samples; its diffraction pattern was similar to that of regularly inter-
stratified mica / smectite.I91

Figure 12 shows the random powder diffraction patterns for three un-
weathered rock samples. Sample DH 3 - 29.6 m is representative of most
of the Jabiluka One rock samples. As was previously observed by petro-
logical techniquestlol, the three major components are quartz, mica and
chlorite. The hkl reflections enable the identification of the polytype.
The 060 reflection occurs at 0.1500 nm (73.3 C 20), so the mica and

3+
8I, s(The cations in the octahedral sheets areo only two thirds of the octahedral cationchloritearediocgahedral

ions, such as A18 or Fe
sites are filled to achieve charge balance.) Sample DH 3 - 29.6 m can
therefore be denoted as

quartz / chlorite iib / muscovite 2M3'

(dioctahedral)

Also shown in Figure 12 are the diffraction patterns for samples DH 3 -
70.5 m and DH 16 - 19.5 m. These samples differ from the others, they
ccntain no mica and the 060 reflection is at 0.153 nm, indicating that
the chlorite is trioctahedral. (The octahedral sheets contain 2+ ions,
such as Mg + and Fe +, so all of the octahedral cation sites are filled.)2 2

The chlorite may be due+to the alteration of biotite (a trioctahedral
or Fe + rich mineral.22mica) or some other Mg

Figure 13 illustrates the technique used to identify goethite at low
levels. The 110 reflection of goethite (0.417 nm) is observed in the
<2 pm sedimented aggregate diffraction patterns. This is a much more
sensitive technique than the use of whole sample random powder for
several reasons:

i
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-' Interference from ' quartz and clay mineral reflections is.- .

reduced owing to the low levels of quartz in the <2 pm
fraction and the reduced intensity of the hkl reflections of the
clay minerals.

The~110 ' reflection of goethite is intensified by the orientation.

effect.
'

Goethite is. decomposed at 200-300 C whereas other mirarals. ins .

these samples are unaltered in that range of temperatures. This
allows- the reflection to be assigned unambiguously.

The mineralogical-descriptions of DH 3, DH 16 and S1/146 obtained with
.these. techniques are shown in Tables 10-12-which give tiie percentage
quartz and the mineralogy of the <2 pm fraction. A quantitative description

;is not feasible.due to the effects of orientation and isomotphous replacement
on-intensities. The values given for the clay mineralogy are percentages of
the total intensity for each material. Although not necessarily the same
asithe actual percentages of materials in the sample, these values are a-
very useful illustration of mineralogical trends.

i Tables-10 and 11 give the results-for'the Jabiluka One samples. The- r
unweathered rock samples (below 15 m) contain approximately 50% quartz
and amounts. of chlorite and muscovite. Other minerals occasionally

' observed are _ pyrite =and anatase. -There is both lateral and vertical
- heterogeneity, however, samples within 10 m of each other (i.e. DH 3 -

20.1'm/29.6 m and IE 16 - 45.1 m/54.6 m) have similar concentrations of
the three major minerals in their random powder diffraction patterns.

* Chemical weathering is observed above the 15 m depth, but the weathering.

. products (smectite, kaolinite, venniculite) are major constituents of the
<2 pm fraction only above 10 m. However, even for.the shallowest sample
.(DH 16 - 4.0 m), well over 50% of the sample consists of quartz, chlorite
-and mica.

The mineralogy (Table 12) and weathering profile (Table 7) of the Ranger
One sample S1/146 is substantially different-from that of the Jabiluka
profiles.- The rock contains quartz, chlorite and IM muscovite; in contrast
with the Jabiiuka samples, which contain 2M1 muscovite. The. weathering
is deeper and much more intense. Between 21.0 m (unweathered rock) and
14.6 m all the chlorite has been weathered. Mica is also' highly reduced,
going.up the profile. The major clay minerals from 2.7 to 14.6 m are

.. kaolinite'and smectite.

The profile description can be correlated with the description of soils
:in 'this area given by Eupene- et al. Ill! It can be seen that the- profile
is lateritic, and that there is a fluctuating water. table induced by
the ~ alternating wet and dry seasons. The Eh of much of the groundwater
is less than 100 mV, so significant amounts of ferrous ion will'be
present. in . solution. [121 This ferrous ion is transported upwards to the
ferruginous' zone (2.7.m) where it oxidizes and is precipitated to form

a-
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ferric oxides. The existence of a pallid zone (9.1 m, 4.0 m) overlain
by a mottled zone (2.7 m) is a normal lateritic phenomenon.

The presence of goethite (Fe00H) in both the 13.1 m and the 14.6 m samples
-below the pallid zone is unusual. This goethite contains 10-20% aluminium,
and seems to have been precipitated after the release of iron during the
weathering of the chlorite and mical131 in the parent material. The
precise' conditions leading to this double iron zoning effect are not yet
fully understood.

The presence of secondary uranium minerals such as saleeite [Mg(U02)2(P0%)2
8-10H 0] in the pallid zone, and8-10H 0] and metatorbernite [Cu(U0 )2(P0s)2 22 2

sklodowskite [Mg(U0 )2(SiO2)2(OH)26H 0] in the mottled zone of some profiles2 2

in this region [111, suggests that these weathering and lateritic conditions
have led to uranium transport within the profile. Other work has shown
(Section 6)'that uranium is associated with iron oxides and oxyhydroxides.
Together, these phenomena are of importance in the investigation of the
transport of uranium and the other radionuclides.
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6. SELECTIVE PHASE SEPARATION - WEATHERED ZONE

6. I' Introduction

As noted in Section 2, the principal. aim of this project is to establish
the validity. of combining laboratory adsorption and hydrological data to pre-
dict the migration of radionuclides over tens to hundreds of thousands of years.
Over this period, there has been' time for the radionuclides to adsorb on

' accessible surfaces and subsequently redistribute through other phases.
'For instance, it has been shown that uranium and a range of other metals
adsorb initially on the amorphous iron phase of _ alluvial sediments.Ill
With the passage of time, there is a transition to secondary crystalline
iron minerals in which the trace metals are far less accessible to the
mobile phase (groundwater).

As a working hypothesis, it is assumed that laboratory leaching experi-
ments reflect the distribution of radionuclides through the ore sample
:(relationship 2, Figure 2). If this can be established, by the use of
geochemical analogue, progress will have been made towards understanding
how sorption / leaching experiments can be used to predict long-term trans-
port in the geological settings being considered for high-level waste
repositories.

.

Chemical fractionation is one of the procedures which :an be used to
investigate the sites of radionuclide concentration. The power of
uranium series studies is that, in addition, parent / daughter disequilibria

j. .can be measured.in each phase. ' Isotope fractionation reflects the time
dependent physicochemical processes associated with the radionuclide
redistribution over very long periods.

|

; 6.2. Chemical Procedures

The method of chemical fractionation into the various mineralogical groups
follows well established methods in soil science and geochemistry and is
summarized below: i

'.(a) Soluble salts and exchangeable ions. The sample is extracted
with unbuffered 0.1 M NHgCl (2g+ 80 mL) at ambient temperature
for 24 hours with colitinuous agitation.[2,3)

,

t

(b) . Amorphous minerals and ferrihydrite. The residue from (a) is
. extracted with Tann's acid oxalateL4,5)(2 g + 80 mL) at ambient

! temperature in the dark for four hours.

(c) Crystalline iron minerals. The residue from (b) is extracted
Nice, for half an hour in each case, at 80 C with citrate-

= di :hionite-bicarbonate solution using continuous agitation.[6]

|

t
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(d) _ Residual amcrphous inorganic materials, aluminous interlayers,
allophane and imogolite. The residue from (c) is shaken with 5%
Na2CO (2 g + 80 mL) solution at ambient temperature for 163

hours.l7,81

(e) Resistant minerals including clay minerals, quartz, anatase and
zircon. The. residue from (d) is digested with a mixture of
nitric, hydrofluoric and perchloric acids. Residual insoluble
material is fused with sodium peroxide.[9]

After each extraction; the solution is separated from the residue by
centrifugation (3500 rev./ min for 15 to 30 min) and the supernatant
passed through a 0.45 pm membrane filter. The residue is washed with
15-20 mL of 0.1 M NH C1, separated in the same manner and the washing%

combined with extract. Analytical yield tracers of u or 23223s U and
22sTh are aooed and solutions made up to 100 ml with NH Cl solution.

In the case of the Na2CO3 extraction, 20 mL of acetone is added before
centrifugation to flocculate peptized clays; the supernatant is then
filtered through a Whatman No. 542 paper filter. Tracers are added and
the solution made up to volume.

The residue from the Nag 22Rn to isotopic equilibrium) after standing for
C0 extraction is dried at 105 C and counted for3

22sRa (by emanation of
20 days. It is then digested in a sequence of nitric, hydrofluoric and
perchloric acids and, upon evaporation to dryness, dissolved in 9 M
This solution is centrifuged to separate any silicious residue, the_ hcl.
residue washed thoroughly with more 9 M hcl and then made up to volume

~

with added tracers.

The residue (if any) from centrifugation of the acid digestion is dried at
105 C, tracers added, and then fused with I g of Na20 in a platinum2

crucible. The cooled melt is dissolved in 9 M_ hcl and made up to volume.

6.3 Verification of the Sequential Extraction Procedure

The sequential extraction procedure (Section 5.2) is desiclned to dis-
tinguish various classes of soil and rock and to investigate the
association of the 238U decay series radionuclides with each of these
cl asses. However, because mineralogical and chemical factors may cause
ambiguities, they have been investigated as follows:

'

(a) Iron-rich chlorite and biotite are attacked by acid oxalatell03, and
illite may also be susceptible to this reagent. None of these minerals I

were observed in the diffraction patterns of the four core samples.
Tamm's acid oxalate (TAO) reagent also extracts organic complexes of Fe
and A1.[11,121 The organic carbon contents, determined by the McCleod's
method [131, were 2.7 m - 0.08%, 4.0 m - 0.03%, and 9.1 m - 0.03%.

0u) and maghemite (F 0 ) may be partially dissolved I(c) Maanetite (Fe3 2 3
by TA0.[I4,151 Chao and Zhou(161 recently determined that up to 20% |

.

28
|

. _ . -



of the magnetite in a synthetic sample will be dissolved after four hours'
treatment with TA0. The concentrations of these minerals were determined
by collection on a magnetic stirrer. Extractions were repeated twice;
the values given in Table 13 represent the upper limits only. Under these
conditions some confidence can be placed on the interpretation that the iron
removed by Tanun's acid oxalate is due principally to amorphous iron
oxides and ferrihydrate.

It can be concluded that factors that could lead to ambiguities in the
sequential extraction scheme are not present.

X-ray diffraction analysis was used to investigate the effect of the TA0
and the citrate-dithionite-bicarbonate (CDB) extractions on the solids.
The random powder diffraction patterns of samples treated by TA0 and the
CDB'were compared with those of the untreated samples; the results are
as follows:

(i) Little or no effect was observed on any reflection of the
TA0 treated samples.

(ii) In the CD3 treated sample diffraction patterns, the f ron
oxide and oxyhydroxide reflections disappeared, whereas
the quartz and clay mineral reflections were not affected.
The 2.7 m and 4.0 m samples lost the hematite 100 reflection
at 0.258 nm and the 13.1 m sample lost the goethite 110
reflectio1 at 0.417 nm. The level of goethite in the 9.1 m
sample was very low and no change could be observed by
visual inspection due to the major overlap from the
kaolinite reflections.

Figure 14 shows the effects of TA0 and CDB extractions on the 22-26 20
region of the 13.1 m diffraction pattern. It can be seen that the goethite,
quartz and clay mineral reflections are not affected by the TA0 extract-
ion, whereas the CDB extraction, although it did not affect the quartz and
clay minerals, resulted 16. the complete loss of the goethite reflection,
as expected. This is confirmed by the colour of the sampics. The 2.7 m
sample is red owing to the presence of hematite, whereas the 13.1 m
sample is yellow, indicating the presence of goethite. The 4.0 m and
9.1 m samples are white, being subsamples from the pallid zone. The TA0
extraction did not affect the colour of the samples but with CDB
extraction all the residues were completely colourless, indicating the
dissolution of all iron.

6.4 Results

6.4.1 Mineralogy

A systematic study has been made of the mineralogical samples from the
Ranger One drill core S1/146, taken at depths of 2.7, 4.0, 9.1 and 13.1 m.
Detatis are presented in Section 4 and summarized in Table 7. Briefly,
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the 2.7 m and 4.1 m samples come from the mottled zone which lies below '

the ferruginous or ferricrete layer; the 9.1 m sample is from the pallid |
zone; and the 13.1 m sample is from a zone of weathered rock (Cahill '

formation, Upper Mine Series).

6.4.2 The distribution of uranium and thorium in extracted phases<

The distributions of 238U, 23"U and 2soTh in the five extractants are
listed in Tables 14-17. The variation of as"U/23eV and 2soTh/23"U
ratios with the percentage uranium extracted is illustrated in Figures
15 and 16 respectively. Tests of the reproducibility of the techniques
are outlined in Table 18. The proportions of 238U and the 23"U/ 3802

activity ratios in three duplicated extractions from two samples are in
good agreement. Further, the total uranium obtained by summing the
results of a-spectrometric assays of each of the extracts were in good
agreement with those found by delayed neutron activation analysis on
whole (solid) samples (Table 19).

6.5 Discussion

6.5.1 Uranium

Uranium and thorium appear to be associated more with iron minerals than
with the clay / quartz phase. Only a small proportion of uranium is
exchangeable (extracted with 0.1 M NHuCl). The 23"U/23eV activity ratios
vary between 1.17 and 1.27, which is consistent with values for samples
from wells immediately down-gradient of Ranger One and indicates that the
most labile forms of uranium in water are in equilibrium with the
exchangeable component.

The 236g7 se0 activity ratio varies substantially between different2

extracts.- This is due to the net effect of a number of factors,
including

.

the initial activity ratio,.

recoil,.

decay, and.

leaching or deposition.,

The greatest isotopic fractionation is found in the 13.1 m sample which
may be described, in broad terms, as weathered rock. The process of
weathering involves the decomposition af chlorite and muscovite which
fonns vermiculite as the first product and smectite and kaolinite as
ultimate products. During the decomposition, iron is released and
deposited as goethite. Accompanying these processes is the mobilization
of uranium. The observed enrichment of 23"U in the clay / quartz may be
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due to the recoil effects discussed below. By contrast, the 23"U/ 3eV2

activity ratios in the amorphous iron phase in the saturated zone at
9.1 and 13.1 m horizons are 0.80 and 0.67 respectively. This is con-
sistent with the assumption of Zielinski and co-workersill that the
uranium in the amorphous phase is in equilibrium with groundwater as the
dissolved uranium close to the Ranger One deposit is generally depleted in
2s"U. It should however be pointed out that the sample at 4.0 m is
slightly enriched.

Recoil. Following a recoil event, the 23"U is ejected an average distance
of about 20 nm.Il71 The iron (manganese and amorphous alumina) phases
represent between 1 and 4% of the weight of the ore samples, but contain
between 50 and 98% of tne uranium. On the other hand, the clay / quartz
fraction is about 95% of the dry weight and more than 60% of the water
saturated weight. Statistically then, the 23"U is likely to lodge in the
clay / quartz phase following recoil. This would provide a reason for the
observed activity ratios being greater than the average for the sample.
Evidence for the recoil mechanism is supported by the decrease in
23"U/23eV ratio from 1.78 for the 2.7 m sample, through 1.32 at 4 m to
1.27 at 9 m. Thus the shallower the sample, the lower the time-averaged
water content, the higher the averaged weight fraction of the clay /
quartz ghase, and hence the higher the probability of lodgement of a
recoil 8"U. An explanation for the high activity ratios in the 13.1 m
sample is still being sought.

6.5.2 Thorium

As with uranium, the thorium concentrates in the iron phases; the per-
centage of thorium varies from 75 to 96. Of particular interest are the
asoTh/23"U activity ratios in amorphous iron, which is considered to be
the primary site for the adsorption of metal ions from groundwater. The
activity ratios in the 2.7 and 4.1 m samples are high due to the leaching
of uranium; in the 9.0 and 13.1 m samples, the values are less than unity
as a consequence of net uranius, deposition in the pallid zone (Figure 16).
The 2soTh/ s"U ratios vary by more than a factor of ten.2

238By contrast, the 2soTh/ 0 activity ratios in the crystalline iron
phase show little variability. The average value for the four samples
is 2.45 0.7. The aseTh/ 3"U activity ratios are slightly more constant2

(2.310.4). The standard deviations are of the population. It is tenta-
tively assumed that the ratios are chemically cor.. rolled during the
crystallization of the secondary iron phase. Since radiogenic decay
processes would lead to secular equilibrium, the high activity ratio
would only be maintained if chemical control were re-established at
times commensurate with the half-life of 2oTh(75,200y). Hence, at
least over these time-scales, crystalline iron phases must be labile.
It is generally accepted that igns from groundwater do not readily
exchange with crystalline iron. L13
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6.5.3 Radium

The radium data for core S1/146 are listed in Table 20. A notably larger
fraction of 22sRa is in the clay /quartu phase than uranium. More signiff-
cantly, the 22sRa is in excess of the parent 2soTh. Apart from the 13.1 m
sample,the excesses are not large and can readily be' explained in terms of
either recoil effects or greferential isomorphous substitution into the
clay lattice. As with 23 U, recoil 22sRa lodges in the clay / quartz phase.

6.6 Relevance of the Studies to the Long-term Prediction of Radio-
nuclide Transport

Care must be taken when relating these findings to the prediction of the
long-term migration of allogenic radionuclides. The uranium series elements
measured in this study are essentially authigenic. They are generated in
situ by radioactive decay or released by the weathering process. However,
a number of factors are relevant:

(1) As previously reportedD8I, evidence is presented that the
amorphous iron (manganese and aluminium) is the phase
primarily involved in the sorption of metal ions from ground-
water solution. However, a substantial proportion of urarium'

and thorium is associated with secondary crystalline iron
phases. Since it appears that the am2rphous and crystalline
iron phases are exchangeable, at least over times commensuratewith the half-life of 8 Th, there is a mechanism for the
long-term retardation of radionuclide transport:

M(solution) g M-Fe(amorphous) g M-Fe(crystalline
largely inaccessible
togroundwater)

(ii) Some radionuclides of particular relevance to HLW repository
siting (e.g. 22sRa) are formed by radioactive decay over
thousands to tens of thousands of years. Under the
conditions being investigated, a significant fraction of the
recoil radium would be ejected into the clay / quartz and
hence be largely inaccessible to the groundwater. Evidence
for groundwater inaccessibility is provided by the large1

differences between as"U/238U ratios in the solid and aqueous
phases.
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-7. ADSORPTION-LEACHING EXPERIMENTSi --

-7.1 ' Aims-

The traditional method for predicting the long-term transport of radio-'

.nuclides is to combine adsorption coefficient measurements with predictions
of; groundwater flow. Many of the complexities associated with long-term

. prediction are becoming apparent-from studies of the d stribution ofi
uranium series nuclides over chemically separate mineral phases (Section

,

6.2).
One of the immediate aims of the experimental program is to establish

the correlation between sorption and leaching behaviour
.

(Correlation 3, Figure 2), and

the correlation between leaching and the distribution of
radionuclides throughout the mineral phases of the ore bodies

.
'

(Correlation 2,- Figure 2).

7.2 Methods
,

.

7.2.1 Aqueous ~ phase;
:

Only batch experiments have been attempted with ore from Ranger One. The
aqueous phase was ' synthetic Ranger groundwater' spiked v:ith a assU tracer
The composition was obtained by a statistical analysis of more than 100
data points for each of the significant solute species K+, Ca +, Mg +,8 2

, 50,2 and SiO2 from borewater in the vicinity _of the Ranger One oreHCO3
Early problems with solution . stability were overcome by slightly

4

: body.
adjusting the water composition to avoid the supersaturation predicted
by the WATEQ water equilibrium program [21; the components are listed in

,

t' Table 21.
:.a

~Four environmental extremes of pH and Eh were postulated:,

(a) pH 5.5 oxidizing;

(b) pH 5.5 reducing;

|.
(c) pH 8.5 oxidizing; and

(d)'pH 8.5 reducing.

Oxidizing groundwater was prepared from aerated distilled water and 100
The hydrogen perox!de was added at the start of the experiment

.

! ppm H202
to ensure that all labile (solute, colloidal and surface) iron was in the
Fe(III) state and that all accessible uranium was in the U(VI) state.
Reducing groundwater was prepared by adding 100 ppm of hydroxylamine to
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deaerated distilled water. The dominant uranium species in the Ranger
synthetic groundwater were:

(a) pH 5.5 oxidizing U0 +, U0 0H+, U0 Si(0H)3+
2 2 2

00 C0 0;2 3

(b) pH 5.5 reducing U(0H).0,U(OH)s~

(c) pH 8.5 oxidizing (U0 )3(OH)s+, U02(C0 ) "~2 3

(U02) (C0 ):2; and3

(d) pH 8.5 reducing U(OH)s~.

Associated colloidal and pseudo-colloidal forms may also have been present.

7.2.2 Sorption-desorption experiments

Sorption and leaching experiments are conceptually different. The former
reflect the short-term uptake of uranium, the latter, the net effect of
the processes of redistribution of uranium throughout the ore over geo-
logical time. There are clear advantages of running both classes of
analysis simultaneously on the same sample. As was indicated in Section
2.3, 2:sU2I'an isotoge not found in nature is added to the aqueous phase

U:235U: 2 sand the u ratios measured both in solution and on the sub-
strate. The 2:sU distribution coefficient ronitors sorption; the
corresponding 23"U and 23eV parameters reflect desorption. Eventually
the distribution of assu between the chemically separable phases of the
ore will be studied and the results compared with those of 2:*U and 2:eU.

There have been some changes in technique over the past few months.
. Earlier difficulties with pH stability were described in the seventh
Quarterly Report. [2] At present,14-day batch experiments are run in
which 1 to 2 g of ore are exposed to 100 mL of groundwater and
oscillated gently butcontinuously on a table top shaker. At the end of
theequilibration period, the solid and liquid are separated by centri-
fugation at 3500 rev./ min for one hour; the supernatant is then passed
through a 0.45 pm filter. Uranium-232 is added to the aqueous phase
as an analytical yield tracer. After evaporating an aliquot to dryness,
the residue is dissolved in 8 M HNO , passed through a strong anion3

resin in the NO3 form to remove thorium, evaporated to dryness, and
electrodeposited onto a stainless steel planchette from an amonium
nitrate-formic acid solution. The uranium isotopes are assayed by a-
spectrometry.

The adsorption coefficient Ka is defined as the ratio of the weight of
uranium adsorbed per unit weTght of adsorbate to the weight of dissolved
uranium per knit volume of solution after adsorption equilibrium has
been attained. Assuming a linear isotherm, the adsorption coefficient
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for a particular system is constant. Since the mass of 2:sU.is
negligible,

(A -A )V/A w (mLg-1)K =
d g f f

where A is the initial total solution activity, Af is the final total
nsolution activity, V is the volume of solution (mL), and w is the weight

of soil (g).

7.3 Preliminary Results

7.3.1 Long-term leaching experiments

The 4.0 and 13.1 m samples from the Ranger One S1/146 core were chosen
for the initial leach tests. These samples were well characterized
mineralogically, were from different zones of the weathered profile
(see Section 4), and had been studied by the sequential extraction
technique. Samples were prepared by grinding them with a tungsten
carbide rotary grinder. Initially it was intended that each experiment
would last 365 days with 10 samples collected in equal steps across the
logaramithic scale 1 to 100.

The aqueous phase was made oxidizing and adjusted to pH 5.5. The assU
spike was added (150 dpm) to each sample. Uranium-238 could not be
detected in the day 1 sample, and there was only a trace at day 26.
The experiment was then terminated owing to the loss of pH control, a
problem which was solved by adjusting the groundwater composition as
described above (Section 7.2.1). The results of the experiment are
given in Table 22.

The most significant feature of this series of experiments is the lack
of concordance between the 2:50 and as*U, 2ssU data. This is illus-
trated by at least two results:

(1) The calculated distribution coefficient Kd varies by more*

than an order of magnitude.

(2) Even though 28"U and '88U are leached into the solution
from the ore sample, the levels in the aqueous phase are

2 sg,substantially greater thaa those of the added

7.3.2 Fourteen-day experiments

Having solved the problem of the stability of the aqueous phase, a
number of fourteen-day batch experiments were run on the S1/146, 4.0 m
ground sample. The data are listed in Table 23. Two useful observations
may be made :
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3 =

,

c ,

-(1) The linear coefficients of desorption of . ssU based on i

?
'

the total' uranium ' content of the material are considerably |

greater than the corresponding adsorption coefficient of
8'U. If the adsorption and desorption coefficients were i

,

: intrinsically equal, differences between the two uranium '

isotopes would reflect the fact that much of the assU is
inaccessible to the groundwater. Under oxidizing conditions,-e

'

' the ratio of the adsorption coefficients (Table 23) is close
to the sum of the fraction of ion-exchangeable uranium
(0.008) and that extracted with acid oxalate - i.e. associated

-

| with amorphous iron oxide (24.45, Table 15). This is further
.

.

: support for the hypothesis that only the uranium associated
.with the amorphous iron is in equilibrium with the ground- '

,

. water.

L (ii) Under reducing conditions, the Ks factors increase because
of the formation of the less soluble U(IV) species. A
corresponding decrease is observed in the Kd d (288U)ratio, possibly indicating that, ~ relative to {285U)/K88; 0, a greater

assproportion of the u'is inaccessible to :he groundwater.
-

~This effect may be due to the. partial dissolution of the more
labile amorphous iron following reduction to the ferrous
state.,

It is useful to compare the data listed in Table-23 with those quoted in
the literature. At pH 6. Borovecl31 found that with respect to U02+,

!clay minerals have K values ranging from 50 for kaolinite to 108 ford
~ montmorillonite in the sequence kaolinite <il'ite< montmorillonite. The

' - ratio of the amount of negative to positive charges on surfaces increases
in the order kaolinite < illite < montmorillonite. Other values, such as
humic acids (KdN10'),8),(III)oxyhydroxides(108)amorphousTi(OH).

Fe
(10s-105), peat (106 -10 ' limonite'(106)andfine-grainednaguralgoethite 108), have been measured, usually with respect tc U02 .[3-6) ;Giblinl41(, however, found a K"

d (max.) of 3.5 x 106 for a sample of
kaolinite exposed-to a synthetic groundwater containing extremely high,

- levels of sulphate. The kaolinite had not been washed with tartaric
~ acid or its equivalent to remove amorphous iron-and alumina. The work
of Mutotsj is open to similar criticism.

1

In comparing adsorption data from different laboratories, it must be
remembered that the synthetic groundwater consists of the complex
mixture of -species listed in ~ Section 7.2.1. The comparison is further

'

complicated by the likely presence of colloidal or pseudo-colloidal
forms. -.Nevertheless, our. data agree broadly with literature results and-

' provide evidence that Ranger One weathered zone material contains one or
more constituents that are more adsorptive than pure clay minerals.
The most obvious candidates.are amorphous iron, manganese and aluminium-

hydroxides.

j . Clay minerals have more negative than positive surface charges over
the typical groundwater pH ranges, whereas the hydrous oxide surfa e

'

is positively charged.to about pH 8.[5] Aqueous uranium species,
'

;
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especially the U(IV) ions which are neutral or negatively charged in
systems where pH is mediated by an HCOs /CO2 couple and the water is
usually reducing (negative Eh), should therefore have a greater affinity
for these surfaces than the pure clays.

Phosphate, arsenate / arsenite, selenate/ selenite anions, which have been
well studied in soil science and whose mobility is largely controlled by
their affinity for surface Al-OH and Fe-0H groups,I71 may be suitable as
simple analogues for solute uranium species.

Future adsorption work will include monitoring the anions as well as pH.
It is possible that future model adsorption experiments will also be
performed on lightly crushed unground samples using only the <2 um
fraction isolated by the standard water settling procedure which utilized
the Stokes equation. It has been claimed that this fraction accounts for,

almost all the sorption capacity of weathered rocks and soils.

I

7.4 Effect of a-recoil on Adsorption Coefficients
,

,

7.4.1 Significance of the experiment

The effect of a-recoil on the adsorption coefficient is significant only
for those nuclides generated at significant levels after the parent has

-

'

leached into the geological strata. Themostsignificantspecies,887 24according to criterion of prak annual dose, are Np and Ra. The
variation with decay time of the activities in irradiated fuel elements
and high-level waste is shown in Figure 17. In both cases, 22'Ra grows

toappreciablelevelswithin1000gearsafterdischargefromthereactor.
An analogous effect is noted for Npfromspentfuel,sincetheisotope2 7

2" Pu and 2'2Am. Since plu-is a product of a-decay from 2*sCu through 287tonium is removed during reprocessing, the level of Np in high-level
4

waste is constant. The curves in Figure 17 do not, of course, relate
directly to the variation of 22sRa and as7Np down-gradient of a repository.
They must be modified by factors pertaining to the relative leachability

,

of the immobilized waste form and the relative retardation factors in
the near and far field. Nevertheless, they provide a justification for
attempting to quantify the effect of a-recoil on adsorption coefficients.

.

7.4.2 Effect of a-recoil on radium adsorption on clay

The experimental procedure was outlined in Section 7.1.1.1 of the first
Annual Report.lll Briefly,22eThisseparate.dfromitsdaughterproducts,

,

'

85
particularly 22*Ra. Aliquots of 22sTh and the reference isotope Ra

are added to dilute suspensions of mineralogically pure 1111te, kaolinite
and montmorillonite, and'the pH is adjusted to approximately 7.5 by
adding dilute sodium hydroxide. With montmorillonite and kaolinite,
greater than 97% of the thorium is adsorbed on the clay; with illite,

,

'

86% is adsorbed.

,
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p.

B{sRais'givenby: definition, the adsorption coefficient K " of the reference isotopea d

'R,/'R,qK (15)
=

d .

where *Ra and 'Raa are the levels of.22'Ra on ' accessible' surface sites
.and in aqueous soTution respectively. The masTh daughter 22"Ra ("R)
grows in with a half-life of 3.24 days. Being formed by a-decay, a
fraction Dj recoils into inacessible sites i of the clay lattice :

"R ,q g "R, (+ "R ) (16)j .

:(aqueous) (accessible). (inaccessible,i.e.notinequilibrium
with "R,q)

By definition, the empirical adsorption coefficient

PR,+"R)/"R,q (17)K
d j

The aim of the. experiment is to determine the ratio p of the adsorption
coefficients : ,

K /E (18)=p d d .

Experimental results are-presented in Table 24. In each of the dilute
clay suspensions, recoil increased adsorption factors by about a factor
of two.

7.4.2.1 Recoil parameter 9,

As was pointed out in the first Annual Report quantitative interpreation of
the leaching experiments requires an estimate of the probability pa that
the a-recoil product from a parent species adsorbed on the surface will
lodge in an inacessible region of the substrate. A simple relationship
exists between 9 and p (equation 18). This treatment is a :; light-
extension of tha,t set out in the first Annual Report.

9, "R,/"R(solid) (19)=

where
"R(total) * *Ni+ R, (20),

Since the fraction of radium in solution is small, it can be shown,
from equations (19) and (20), that

"R "

f=1+(9q)([R8 ). (21)
a a i
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Since,'K " D + R )/"R (22)
d a j aq

'R,/*R,q "R,/"R,q (23)and K ==
d

' - it follows from equations (21), (22) and (23), that
r--

I+ (24)l+ "

.'" r p1

1 - (1/p)whence- 9, =

'

From Table 24, p = 2, and hence 9, = 1..

| ' From these experiments, there appears to be about a 50% probability that
radium formed by a-decay on the surface of a clay particulate in dilute
suspension will recoil into an inaccessible portion of the lattice.,

7.4.3 An attempt to obtain experimental evidence for thorium recoil

An. attempt is being made to seek experimental evidence for the effect of
recoil on -the adsorption of thorium, using the system 2seU/2s"Th on the
montmoriilinite, kaolinite, 1111te suspensions discussed above. When
equlibrated 2:egjas"Th is added to the suspension, the bulk of the uranium
and thorium will essentially adsorb onto the clay surfaces. Two parameters
are measured: U and 28"Th in the aqueous phase without treatment and

3 !fo11cwing the addition of hcl to makc 0.1 M_ solution.

1he added 28"Th in all probability will not exist in solution because of
its in.ediate total adsorption by the clay, but the fraction that will
eventu:11y appear in the liquid phase will.be the recoiled 28"Th from
the 28"U which is also completely adsorbed on the clay. If the con-

: sequences of a-recoil have a dominating effect on adsorption, the level
- of as"Th in . solution should vary with time in a predictable menner. ,

A liquid scintillation counting technique was used for this experiment.
After addition of acid _where appropriate, aliquots of the suspension
are separated by filtration. The aqueous phase is counted under,

reproducible conditions. using the commercial scintillating agent
-

Instagel. It has been Mund experimentally that uranium a particles can
be distinguished from 28"Th/28"Pa S particles by appropriately setting
the discriminators.

, ,

i

!
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8. THE MILRATION OF RADIONUCLIDES THROUGH CRYSTALLINE ROCK STRATA

8.1 Definition of the Problem

Another important aim of the project is to assess the extent to which
crystalline rocks act as a barrier to the migration of radionuclides over
extended periods. The mechanism of transport through crystalline rock
is fundamentally different from that in the weathered clays (see Section
3). -Groundwater flows principalry through major fractures. In addition,

diffusion into the bulk rock occurs via microscopic fractures. Solute
transport is further complicated b < physical and chemical interactionsI This process, known as matrixwith accessible surface minerals.
diffusion, is shown schematically in Figure 18.

An analysis of the extent to which crystalline rocks act as geological
barriers to the transport of radionuclides over long periods raises a
number of questions :

(1) What is the microscopic rate of transport of groundwater
through the system (i.e. the hydraulic age)?

(ii) What are the tin'e-scales associated with the diffusionof water into the bulk rock via microscopic cracks
and fissures?

(iii) What are the additional effects on solute transport of
interaction with accessible minerals?

A geochemical analogue approach is applied to this problem; this involves
study of the cumulative effect over geological time of the leaching
uranium series nuclides from the crystalline rock matrix of the Jabiluka
Two ore body.

8.2 Conceptual Approach

8.2.1 Procedure

In general, access to groundwater leads to the selective leaching or
deposition of radionuclides. Isotope ratios depend on several factors :

the initial values at the defined point of zero time;
.

the relative rates of leaching or deposition; and
.

the relative decay constants.,
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The time-scales over which perturbations due to leaching have occurred
canbeassessedbyexamining88different parent / daughter pairs. For
instance, systematic 22sRa/ Thdiseguilibriaprobablyindicateleachingduring the last 5000 y (half-life of z'Ra = 1620 y). Further examples
are shown in the following table :

Time-scale
Disequilibrium During which Comment

Leaching Occurred

22sRa/2soTh up to, say 5000 y Ra leaching.

as"U/2:eV up to, say 5 x 10 y Leaching probably leads to 28"U5

deficit in ore; authigenic ,

uranium.

a
287Pb/assU up to, say 10' y Both Pb and U are assumed to be

mobile (see Section 8.2.3).

Interest in the lead / uranium ratios arises from the assumption that time-
scales associated with diffusion into the bulk of the crystalline rock
will almost certainly be much longer than those associated with transport
in the weathered clay.

The following steps are involved in the investigation:

(1) A survey of the ass.J/ :eU, 288Th/2:*U and 22sRa/28'Th activity2

ratios to establish whether there is evidence for leaching over
the 108 to 105 year time-se, ale.

(2) Measurement of the as"U/28'u activity ratios to acquire independent
evidence of uranium leaching and, if possible, to draw conclusions
on the mechanism.

(3) A systematic study of the aosPb/ o"Pb, zo7Pb/2c"Pb, asegfzo"Pb,2

assV/ s"Pb ratios to obtain information on2

the relative rates of leaching of lead and uranium, and.

the time of commencement of leaching..

(4) Interpretation of the data in terms of present concepts of
transport of solute through crystalline rocks - particularly
the matrix diffusion model.

8.2.2 Potential application of 2:sV/2seu ratios

Evidence for uranium leaching over geolog'ical time may, in principle, beobtained from a detailed study of a 50/2 U variations in ore samples.
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The absence of an isotopic effect does not necessarily imply an absence of
leaching; it may simply indicate a mechanism independent of mass. In the
following treatment, it is assumed that uranium is lost by radiogenic decay
and by.a first order leaching process; thus,

5 5As U + usU (25)-d5U/dt =
.

On integration,

SU(t,).exp (-(As+u )(t - t,)) , (26)sV(t) = s

where.5U(tw) is the uranium level at time t,, when the uranium first had
access to teaching water. By analogy,

eU(t,) exp (-(Ae+v )(t - t,))'. (27)'U(t) = e

Hence the isotope ratio-

. .

sU(t,)exp-As(t-t,)
exp - (vs-v )(t-t ) (28)R = e

8U(t,) exp-As (t-t,) g
..

R exp(-vs(1-v/v)(t-t,))= e sstd

R exp(-vs ( (t-t,)) (29)=
std

std(leaching)6 (30)R= ,

where ve/vs . 1 - ( (the isotope effect), and the ' leaching' (equation
is the(30)) parameter is the fraction of remaining uranium, Rgtd

expected isotope ratio in the absence of leaching, and leaching' is
the cumulative extent of 2"U leaching.

Tabulated values of the paraneter R/Rstd(equation 30)arelistedbelow:

i

Leaching (a) g(b) d(R)(c)
(per mille)

0.9 0.006 - 0.6

0.5 0.006 - 4.2

0.1 0.006 -13.7

(a) fraction of uranium remaining;

(b)C% ~[I-1=0.006,
(c)((R/Rstd)-1) x 100 per mille.

The value chosen for the parameter (, and hence for the calculated ratio
R/Rstd, is a maximum.
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8.2.3 A lead / lead, lead / uranium isotope method for studying leaching
over geological time

Basic Equations

The treatment is based on the following assumptions:

(i) A zero point to (associated either with the formation of
the deposit, or a later metamorphic event) may be relatively
well-defined.

(ii) The leaching process commences some time later, at time t .
g

(iii) The leaching is a first order process and that any isotope
effect may be ignored.

These assumptions are illustrated in Figure 19.

The generating equations are:

(31)-dUe/dt AeVe + vue=

AeUs - nPbs (32)Pbs/dt =

2:eU; Pbs 28'Pb,where Us = =

288U decay constant,As =

rate of uranium leaching, andv =

rate of lead leaching.n =

The lead isotope ratio is calculated in two time intervals, t - t"
and t, - t (Figure 19).

Period of No Leaching t, - tg

From equations (31) and (32) it can be shown that when v = 0 and n = o,

Pbs(t).+Pbs(t,) =
o

" "

AeVe(t)
1-exp-A.(t,-t) (33)+

,,y_3 o

where Pbs(t ) and Us(t ) are the lead and uranium levels at time t . They
reflect charges in the primordial levels up to t duetoradiogeni8 decayo

g
and mobilization of the uranium.

Lead-204 is not formed through a decay chain. Hence,

Pb(t) (34)Pb.(t,) =
.

9

Us(t)exp-Ae(t,-t) (35)For 28'U, U.(t,) = .g o
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Period of Leaching # -t
9

When appreciable leaching' occurs, the solutions.of equations'(31) and.(32)
take the fom,

Pbs(t) = Pts (t ) exp - n(t - t,) -y
.

AeVe(t",
"

'
'

exp - n(t-t,) - exp - (Ae+v)(t - t,) . (36)- (y,y, )

Since Pb. is not_ formed through the decay chain, but undergoes leachirg,(

Pb (t,) exp - n(t-t,) (37)Pbi,(t) = .

Combined Period t, - t

The variation of ***Pb and ***Pb over the complete time interval (t - t )
~

'

(Figure 19) is found by substituting equations (33) and (35) into (36) o
and equation (34) into (37).

The results are:

Pbs(t) = (Pbs(t ) exp - n(t-t,) + g , ) Us(t ) exp - n(t-t,) -g o

Ve(t ) exp - Ae(t-t ) exp - v(t-t,) ( 3)*
.- (y_y x,y o o

Pb (t) = Pbi,(t ) exp - n(t-t,) (39)
'

.

o _

From equations (38) and (39),

Pbs(t) Pbs(to) An Un(to), ,
Pbs ;t) Pb i;t ) (n-v-A s ) Pbi,(t )i

o g

As Us(to) exp - As(t-to) exp - v(t-t,) (40),-

exp - n(t-t,)n-v-Ae Pbu(t )o

Pbs(to) 1 Us(to) 1 Us(t),, ,

Pbs;t ) 1-(n-v)/Ae Pbg(t ) 1-(n-v)/Ae Pbi,(t)i

g o

(41)

From equation (41), it is predicted that Pbs(t)/Pbi,(t) will vary linearly
with Us(t)/Pb.(t), with the following parameters:

slope 1/1-(n-v)/Ae (42)

(
intercept - slope (43).

)
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. Rate of Leaching

_ Equations-exactly analogous to (33) to (41) 'can be written for the 0+235

2 7Pb system:

1/1-(n-v)/As (44)slope =

- (slope)k (45)intercept =

From.aquations (42) and (44) it is possible to calculate independent values
. of n. and v. . The values are the' weighted average of- the rate of leaching
which has occurred since time t.=

Complications can arise due to the leaching or deposition of uranium series
intermediates. For. instance, evidence of excess radium is presented in |

''Pb. Mathe- 1Table 25. Radium-226 will, of course, ultimatelg decay tomatically, the effect of radium excess on the gjzo'Pb ratios.is to23
2sedecrease the apparent u decay constant; the net leaching of an inter-

mediate nuclide leads to an apparent increase in the decay constant.
L

8.3 Preliminary Results

8.3.1 Geological setting

An atte.::pt is being made to test these concepts in the vicinity of a north-
south fault zone intersecting the Jabiluka Two deposit. A general descrip-
tion of the geology of the Jabiluka region has been presented elsewhere.
Of particular interest is that, immediately down-gradient of the fault
zone, the average uranium. levels are generally low, and tend to increase
with distance from the fault. If it is assumed that the fault is a locus
of groundwater recharge, and that the low uranium concentration close to
the fault are the net effect of' leaching over geological time, there is a
possibility of evaluating theories of leaching and solute transport in
crystalline rocks over geological time.

As part of a preliminary investigation, samples were collected from cores
V153/V2, W/147/V and W/142/V2 which are at distances of 5 m, 30 m and
50 m, respectivaly, from the fault. The depths of the sam

u and 2soTh/23ples are assayed for uranium, thorium, 22ples are shownin Table 25. Sam Ra/23sg,2s"U/
2se U activity ratios at the Lucas Heights Research Labora-
tories.

8.3.2 as"U/aseU, 2soTh/23"U and 22sRa/ s Th activity ratios2

The activity ratios are listed in Table 25. The most outstanding features
of the data are the large 22sRa/ seu disequilibria. The magnitude of the2

,.
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disequilibria varies inversely with'the total uranium concentration. It

would appear that some uranium is leached from the regions of high con-
centrations and redistributed throughout the matrix. If this process has

been occurring over geological time, it will have had a profound effect
on the lead / lead and lead / uranium ratios.

The 2soTh/23"U data are'much less variable. Only three of the nine samples have
activity ratios that differ significantly from unity at the 20 level. In
all but one case, the 23"U is -in _ secular equilibrium with 2seU. The
general lack of mobility of the uranium is due to the reducing conditions
found at depth within the Jabiluka Two ore body.

8.3.3 Other measurements-

Measurements of 2osPb/ "Pb, 2o7Pb/zo"Pb, 238U/ a"Pb and 23sV/ U ratios2 2 238

are underway and will be ' reported as soon as they are available.

!
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9.'RADIONUCLIDE MIGRATION IN GROUNDWATER

9.1 Nabarlek

The geological setting of Nabarlek was described briefly in Section 5.
The chemical and isotope data obtained from the sampling wells (Figure.6)
are listed in Tables 26 and 27.- Conventional units and-the' standards are
given in Appendix B.

,

'

4

- 9.1.1 Tri tium

Few conclusions can be drawn from the tritium data which are low and con-
stant within experimental error. There is some evidence for a component
of modern water in 0820.-

4

9.1.2 Carbon isotopes

The 13C/12C ratios and' the carbon-14 levels are interpreted as groundwater
ages in accordance with the system model of Salem and co-workers.Ill i

The age patterns of groups of wells, such as 0B19, 0820, 0825, RN20475
or 0B21, TB36, TB40, are generally consistent with the-picture of a mainly
easterly flow of groundwater in the wet season perturbed by a component
of flow to the south-west in the dry seasor.. There are clearly some
exceptions, such as RN4073 and TB33, which are modern. Care must be
taken when interpreting the ages in unconfined systems. The radiocarbon
ages simply reflect the average'sub-surface residence time of the components
of water comprising the sample.

9.1.3 Stable isotopes

Additional evidence for the significar.ce of groundwater ages is derived
from the D/H data. In general, it is found that the older the water, the
more depleted it is in deuterium. The correlation coefficient is 0.86,
which is significantly different from zero at the 99.5% level. Similar
behaviour is found at Koongarra and in many other hydrological settings.
It is not possible at this stage to provide a detailed explanation.
Suffice it to say that neither mechanisms based on sub-surface mixing
nor on palaeoclimatic effects can be excluded.

9.1.4 Uranium

The uranium concentration generally decreases with distance down-gradient
of the mine. As with the groundwater in the vicinity of the major Ranger
deposits, the gf "U isotope ratio increases with decreasing uranium23 2

concentration. Figure 20 should be compared with Figure 10 of the first
Annual Report.Ill

The Ranger groundwater data were interpreted in terms of a two-component
model: component 1, characterized by relatively high uranium concentration
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a

b Iand as"U/ seU. ratios close' to" unity,'is the; groundwater-intersecting
^

2

(deposit; component 2, with a' low uranium concentration and -high.28"U/aseU,h
-

Srepresents local' infiltrating rainfall. . :If the fraction of component _2
is' assumed to be proportional to the-distance down-gradient' of the deposit,

~

:

n . :it can be shown that-
m

~

.2s"U(x)/aseU(x). =-E + (2seU2:- 2880 ()/288U(x) ,- .(46)-
_

2

'wheren23'U(x), aseU(x) are the concentrations of the uranium isotopes at''

288
L . distance (x) from the deposit, 2s"U2, U2 are the concentrations in#

y component.2 of the groundwater.1and E as*U(o)/aseU(o).-4

,

<
-

The variation'of 23*U(x)/aseU(x) with the reciprocal-of the uranium concen-
F tration for the Nabarlek data is shown in Figure 21. The intercept, 0.9,-

corresponds to the isotope ratio of the groundwater intersecting the,
,

deposit. The slope (0.5 pg L-1)- is: interpreted 'as 2s"U - C'28 U ,=where-2
- 2

E = 0.9. The most distant sampling well TB40 appears' to be anomalous'.:

There :is insufficient detailed information to offer an explanation.j ,

4

!- Levels of _2soTh were' also-measured.(see Table 27). There is evidence that'
j a substantial fraction 'of this_ radionuclide is' associated with.~particulates

-

'

t (Section10).
'

'
9.2 Koongarra

p The groundwater hydrology of the area of the Koongarra deposits (Figure 1)
has been studied extensively by Australian Groundwater Consultants and

! McMahon, Burgess and Yeates.I31' Their ' data, interpreted by Snellingi41,
i are shown schematically in Figure 228. The groundwater is believed to-
[ recharge along a' major fault line and to flow in'a generally southerly
i direction away from the. escarpment. The location of the sampling wells is
i' shown in Figure 22A; the isotope data are listed in Table 28. t

I

i
: 9.2.1 Tritium -
t

Analysis _ of environmental tritium has shown that modern water is a sig-4

; nificant component of water in wells 94 and KTD 1.

I'
j 9.2.2 Carbon isotopes

:

i -The carbon isotope data listed in Table 28 are interpreted as groundwater
ages, using the-procedures of Salem et al.Ill Wells with appreciable'

: levels of environmental tritium also have in excess of-100% modern 1*C. :

i
The data are generally consistent with the concepts published by Snelling.I4li

PH|78 and KD 1 are drilled into the Kombolgie sandstone up-gradient of the''~

fault zone bounding the deposit.~ As was expected, the average residencei
I time of the water reflects the depth. PH 7, which taps water from the

weathered zone, is modern, and there is possibly a substantia 1' component'

i of_ local infiltration in this ' sample. The 1"C level in PH 49 is consistent

,
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with the notion that- the water 1is derivid by infiltration' through the sand -
,

(stone sequence in the~ vicinity of,the -fault zone atia depth greater than ..

that of- KD 1.; , Samples from wells PH 55 and PH. 94 further down-gradient . _'1
-W appear to;contain significant amounts of 1ocal recharge.; As -yet ,no comment,

: can.be made on PH 7. : The 1"C.~valueLis anomalous'and-has,been.resampled.-

# . L9.2.3 Deuterium / hydrogen.

The deuterium /h' drogen ratios are listed in. Table 28. - As was the^ case for .' y
Nabarlek, there is a Ltendency for water with a. longer mean| residence time '

to be depleted in deuterium. The correlation coefficient'is 0.79 which is.-
|significantly different from|zero at the 99.5% level.

,

9.2.4 Uranium and thorium . . .

'There is no evidence for a systematic variation of.2:=U/2 eV ratios'with :
furaniumconcentration(Figure 23). This'is contrary to the findings ' '

.down-gradientofRangerOneandNabaHek(Section4.2.2). Groundwater
uranium ~is dominated by solution from the' deposit.and.1s not perturbed

' by. local infiltration. As far- as 'is practicable,- further work is needed
down-gradient of'the deposit.

The groundwater- thorium data (Table 28) are particularly interesting.
Two samples (PH 14-and KTD ~1) have relatively high thorium / uranium ratios- '

(> 0.5); the remainder are 1ow (< 0.06). There appears.to4be no corre---

lation with uranium concentration and groundwater age f a~ correlation which
might be likely if the actinides are -dissolved in the groundwater and the
rate of transport is controlled by adsorption coefficients.iThe notion
that fully dispersed colloids may play an important role in transport |is
being further investigated.

9.3 Jabiluka

In the region of the ore bodies, the " rock permeabilities, fault zone

extremely low".[5], reservoir capacities and aquifer recharge were.all
transmissibilities

It is assumed that the piezometric gradient generally
follows the surface contours.

The location of the sampling wells is shown in Figure 24 and the isotope
data are listed in Table 29. The tritium observed in well 170.is probably
associated with the lack of water in the well after pumping. This sample

~1s.probably unrepresentative of. the groundwater. As yet, there are
-insufficient data.to make further comment.

9.4 Uranium Retardstion-Down-gradient of the Ranger Deposit

I~ The 2:=gf assU activity ratios in groundwater close to:the Ranger One
L deposit'have . values near unity. They increase with distance up to'4 km
i .

t
,

I
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down-gradient,:due Lto mixing with a dispersed' infiltrating groundwater<

,. . characterized by large M*ti excess.t Further down-gradient there is no
!. envi ronmental h i sotope : evi dence for :l ocal recharge. The as"U/2seu activity

ratios 1 return to secular._ equilibrium due to a combination of radiogenic
Edecay and.the' possibility of exchange with the host rock. ' Assuming that =<

-decay is-the major process, the maximum relative retardatica of the ground-
; Lwater' relative to the host rock is 1/250. ~ Groundwater velocities were
L calculated from 4*C.-

'

'

L.
~ Qua11tatively similar behaviour' has recently been found in groundwater'

sampled from the-Carizzo aquifer in Texas: "At' distances;from.0 to about

'20 kn6 where the Carizzo is oxidizing.and uranium dissolution is occurring,
as'U/ seu activity ratio '(AR) values' of 1.010.3 are found. Between 20 and2

,

:33 km, uranium concentrations drop dramatically and AR values as high as-
9 occur. .Below about 33 km, low dissolved uranium persists, accompanied
.by a regular decrease in the AR towards a secular equilibrium value of'

1.".(61 A schematic representation of this behaviour.is shown as an insert'

to Figure 15 ofLreference 1 reproduced as Figure 25.

P Pearson[61 pointed 'out' that
V I+1-9{ 'P E (47)R " "

d s d '
C;

'

where Rd is.the . retardation factor, Vj is the interstitial fluid velocity,
V the solute velocity, 9 the porosity of the sandstone, p the density. -

c s
and Kd the adsorption coefficient. The systematic decrease in'the as*U/

: 2ssU activity ratios between 20 and 33 km is best explained with a Kd
t factor of 6, and a relative retardation factor of 30. The Kd factor is

within the range of values calculated for particulate material collectedt

| from the pumped. wells at Nabarlek (Table 30).

In the region of' interest, down-gradient of Ranger One,there is possible
contribution to groundwater flow from both the unweathered schists

i sequences and the upper weathered zone. It is thus not possible to define
acceptable values for 9 and Kd separately. Equation (47) can therefore'

[ only be expressed in the simple form-
:

1 mass of solute on the' stationary phase
(48)R =

I d mass of solute on the aqueous phase t

I ,

i. i
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10. EVIDENCE FOR THE ROLE OF PARTICULATES IN RADIONUCLIDE TRANSPORT

,

. The uranium and thorium isotopic data from the Nabarlek groundwater are
listed in Table 30. During the sampling program, a significant level of
particulate collected on the 0.45 pm Millipore filter, even after the well
was pumped to constant groundwater conductivity.

When examined by X-ray diffraction, the particulates from well 0821
.were found to contain 10% quartz, and the clay minerals kaolinite (medium
level), 2Mt muscovite (medium level), smectite (medium level), and
chlorite / vermiculite (small concentration).

The 2:1 clay minerals were primarily dioctahedral, although some triocta-
hedral clay was found. The iron oxide lepidocrocite was also present.

It can be seen from Table 30 that only between 0.8 and 11% of the uranium
is associated with the particulates; the corresponding ratio for thorium
varies between >0.22 and >5.7. Two important questions arise:

(i) Are the radionuclides on the particulate matter in equilibrium
with those in ' solution'?,

(11) What fraction of the radionuclides is transported by
particulates?

| To address the first question, the 2s"U/2 su activity ratios of the
particulates were plotted against those in ' solution' (Figure 26). With
the exception of TB40, the trend is adequately described by the isotopic

. equilibrium line of slope unity. The correlation coefficient for the six
data points is 0.77 which has a greater than 90% probability of being
significant. The ' particulate' and fully dispersed uranium appear to be
in equilibrium.

The 2soTh/ s"U ratios of the particulates vary substantially and do not2

appear to correlate with groundwater parameters. It is tentatively
suggested that this variability is associated with the mineralogical compo-
sition of the particulates. It has been shown (Section 5) that the activity
ratios vary markedly between different mineral phases of the ore assemblage
in the weathered zone.

: In principle, it should be possible to establish whether the ' particulate'

and full {Th: soTh activity ratios.diarersed thorium are in isotopic equilibrium by comparing the
I

2:2Th:22| Unfortunately, there was insufficient
l ' dissolved' thorium to examine this parameter. The question is important

and will be investigated further. If equilibrium conditions are found,
i the implication will be that the sub-surface migration of thorium can be
! predicted by an extension of the adsorption coefficient principle. If,

on the other hand, the bulk of the thorium is associated with 'particulates'
and not in equilibrium with the groundwater, two possibilities require
examination:

|

|
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(i) If the ratio of the particulate to groundwater migration
velocities is very small, the bulk of the thorium will be
transported by groundwater although associated with
particulates. In this circumstance, it would be appropriate
to apply the adsorption coefficient principle.

(ii) However, if particulate transport is the major mechanism,
and the thorium is not in equilibrium with the solution,
a different basis for predicting long-term migration must
be developed.

'

!

Further work is clearly required. In particular, a detailed examination
should be made of the distribution of uranium and thorium colloids with
particle sizes in the range 0.005 to 1.0 pm. In addition, techniques
for dating the rate of sub-surface transport of colloids should be
considered.

|
;
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11. RADIUM TRANSPORT

11.1 Radium-226

Radium-226 is the daughter product of 2 nth. Since the thorium isotope is
essentially imobile and has a longer half-life than radium, it is con-j_
sidered to be stable. Thus,

A [Ra] - A [I] - R ,g) (49)-dRa/dt =
a g g

where Aa, and Ai are the decay constants of 22sRa (Ra) and 2"Th (I)
respectively, and R eo1 is the rate of leaching / deposition. It was shown

g
in the first Annual Reportill that equation (49) may be integrated

A Ra - A I - R
**P I-A t) (50)"

A,Ra(to) - A I - g g) a
g

where Ra(to) is the radium level at zero time. The definition of zero time
must be the same as that chosen for the uranium series model (Section 3).
Since the time interval is at least an order of magnitude greater than the
22sRa half-life, exp (-A,t) =0 and the activity ratio

A Ra R
a aeol (51)1+=
AI gg

g j

Thus, activity ratios in excess of unity imply deposition, and those less
than unity, leaching. The available data for Ranger One, Ranger Three,
Jabiluka One, Jabiluka Two and Nabarlek drill cores are listed in Tables
31 to 33.

In some cases (S1/185, Ranger One; DH 35, DH 16 Jabiluka One: and V153/V2,
Jabiluka Two) there appear to be relationships between the 2 2 5 Ra/ 2 "Th
activity ratios and the total uranium concentration. The lower the con-
centration, the higher the activity ratio, i.e. the higher propensity for
radium deposition. The correlation coefficients are 0.75, 0.73, 0.88, and
0.71 (>90%) respectively. The value in parenthesis is the significance of
the correlation, i.e. the probability that the correlation coefficients are
greater than zero. A simple explanation could be sougnt in terms of the
redistribution of radium from high concentration regions to those that are
lower. However, it is important to note that the correlation does not hold for
the Nabarlek samples nor for some other cores (S1/146, DH 3 W/147/V).

Drill core locations are shown in Figure 1.*
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~ 11.2 The vistribution of Radium'through the Irou 'and Clay / Quartz Phases
'of the Core 51/146. Ranger One

<

A detailed description of the distribution of uranium and' thorium throughout,

phases selectively leached from core $1/146 samples is presented in-
Section 6.4.2.. Radium measurements were made on the total sample ~and

-on the clay / quartz resistate phases. ..The data are presented in Table 20.
In all' cases, the 82'Ra/2 oTh activity ratios in the clay / quartz phases

E are greater than unity, whereas those .in the other selectively leached
phases'(mainly ' amorphous and crystalline iron) are less than unity.

Interpretation is. complex. Although'much of the radium is authigenic,
|1.e. generated in situ by thorium decay, there is significant redistribution-

of radium throughout many corats. The accumulation of radium in the clay /
.

L

quartz phases would be due to a combination of
{

(1) preferential adsorption from groundwater solution; and

(ii) a tendency for 28'Ra formed by a-recoil to be ejected
into the clay / quartz phase, which comprises >95% of
the dry mass.

The large radium deficits in the other (predominately iron) phases are
interesting. Loss of ~22'Ra by recoil to the clay / quartz phase, could, in
principle, account' for much of the effect. However, if this were the
dominating cause, a similar 28'Th/28"U deficit would be expected. Infact, substantial excesses are observed. It will be recalled that the i

explanation was based on the uptake of nuclides from the groundwater by
the amorphous iron, and a dynamic equilibrium between the amorphous and
the crystalline iron. A similar explanation could be used to elucidate
the radium data. Clearly, more detailed experiments involving the assay
of radium in all the separated phases are needed.

However, the possibility of a trivial explanation involving the adsorption
onto the clay / quartz phases of the radium mobilized during the sequential
leaching process cannot be excluded at this' stage. To examine this
possibility further, the experiment will be repeated using magnetic /
mechanical separation of phases.

.

11.3 The Distribution of'Short-lived Radium Isotopes

(Section 11.3 has been contributed by Drs 'B. Dickson and R. Meakins of
CSIRO Division of Mineral-Physics, and is reproduced with permission.)

- 11.3.1 Introduction

Four radium isotopes are present in the decay series of uranium and thorium:
82'Ra (half-life = 1620 y) in the uranium series, 2 sRa (half-life = 11.4 days)
in the actinium series, and 22*Ra and 286Ra (half-lives = 5.75 y and 3.64 days
respectively) in the thorium series. The relationship of these isotopes to
their parents is shown in Figure 27. The CSIRO Division of Mineral Physics
is studying the application of radium isotope analysis to uranium exploration.
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Though the use 'of '22*Ra in waters for uranium exploration has been
r

described frequently; .the use of multiple isotopes is a more recent -!
'

. development [21, . Measurement of ' 2:sRa snd 288Ra istopey3 g; the use
h been

t progosed as a means'of locating buried uranium deposits
,

!

of . Ra has been described ,51, and an empirical scheme proposed for
r. rating the significance of a water to uranium exploration.'

f This section presents the results obtained from analysis of radium ~ :

l isotopes in water samples collected from the locality of the Ranger and
Koongarra uranium deposits in the East Alligator Rivers region of theU

|
Northern Territory.

!- 11.3.2 Samples and analysis

I
i~ :11.3.2.1 Sample collection :

b Twenty-two groundwater samples were collected from a number of water bores
and drill holes (Figure 28) by members of.the AAEC's Nuclear Geohydrology;

|' Group. For 17 of the samples, a sample was collected by pumping between ;

! 50 and 250 L through a manganese-impregnated' acrylic . filter. This select- |

4- ively removed trace heavy metals and radionuclides from the water.[7-s]
| A water. sample was also collected at the same time to enable the recovery i

j efficiency of the filters to be estimated. This sample was filtered and |

acidified. Samples were then sent to the CSIR0 laboratory at North Ryde, ;
;

j New South Wales, for radium analysis. j
i

| Acrylic filter cartridges were used (Curo Micro-Kleen II, 50 pm, Code
G78L2). These are treated in 0.5 M potassium permanganate at room
temperature (22'C) for 1.4_ days, washed with deionized water and dried. [

The filter is mounted in a M1111 pore 101 housing and an untreated 10 pm
~

i filter is mounted in an upflow housing to remove particulate matter from ;
,

} .the water.
1

j The filter is processed in the laboratory to strip the adsorbed radio-
nuclides for analysis. The filter is heated with 1 M hydrozylaminehydro-: -

| chloric acid in 1 M hcl at 50*C for 30 minutes. The resulting solution ,

is filtered and may be analyzed as described below to determine radium or -'

| any other radionuclide of interest. i

4

i The high concentration of manganese can sometimes interfere with the |
{ chemical procedures and, if necessary, the uranium, radium and thorium may |

|
be separated from the manganese by a BIO-RAD AG1X4 anion exchange column.
The solution is added to the column in 9 M hcl. The thorium and radiumi-

! pass through the column whereas the uraniiim must be eluted with 1 M HC1.
The column may be cleaned of iron and manganese with 10 column volumes of
water.:

l=

{ 11.3.3 Radium analysis
- J

i*~
Apart'from 2: era, naturally occurring radium isotopes may be determined in
water samples by alpha spectrometry after chemical extractjon and deposition ,

3- The radium is jof the radium in a thin layer of barium sulphate carrier.Lj- r

i
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extracted by co-precipitation with Pb/BaSO .
radium and carrier are deposited in a thin layAfgI of BaSO, (approxi-

purification, the

mately 200 pg/cm-2) on a 0.45 pm filter paper.g01 The BaSO. carrier con-
.tains 188Ba, with a gamma emission at 356 kev which is used to measure the
efficiency of the extraction procedure for radium.

An example of an a-spectrum obtained using a 400 mm diffused junction de-2

tector in a Nucleus model 5300 alpha spectrometer (Figure 29) illustrates
the complexity of the spectra. The various isotopes may be identified
by their a-energy. The amounts of 22*Ra, 22"Ra and 22'Ra are estimated
with a computer program that uses the shape of the leading 885Ra peak at
4.77 MeV to obtain the stripping factors and fractions of other peaks in
the spectrum to 7.8 MeV. The concentration of 22 era is obtained by storing
the g pared sources and counting them again after four to six months, when
the Ra concentration can be estimated from the ingrown 212Pb.

The results for 228Ra and 22"Ra were corrected for decay between the time
of sampling and analysis. This assumes that no radionuclides higher in
the respective decay series were present.

The accuracy of the radium analyses is dependent on the calibration standard,
the estimate of the sample recovery and the counting statistics. Generally,
the estimates for 22sRa have an uncertainty of approximately 15% for samples
with 22'Ra in excess of 0.2 pCi L-1 For lower activities, the error is
determined by counting statistics.

The radium results obtained for the water filter sarrples are listed in
Tables 34 and 35 respectively. The recovery efficiencies are given in
Table 36.

' 11.3.3 Discussion

11.3.3.1 Effectiveness of the filters

The estimated recovery of 22'Ra from the waters by the Mn-filters ranged
from 11 to 92%. Generally, these recoveries were lower than previously
reported [8] and from our own previous experience. This tray be due to the
flow rates being higher (>8 L/ min) than the recomended (5 L/ min). Con-
sequently, the use of only 10-15% of the filter for the radium analyses
led, in some cases (9252, 9722, PH73), to unsatisfactory statistical
accuracy in tne filter results. However, samples such as 20361, PH94
and XPH-8 illustrate the value of the filters. Had the total filter been
analyzed, all results would have been satisfactory.

11.3.3.2 Ranger samples

Radium-226 in the hanger area samples ranged from 35 pCi L-1 in sam
79/1 (which interesects the Ranger One No 3 ore body) to 0.16 pCi L plein
water bore 9252. Sample 79/1 also had the highest activity of 88"Ra of
the Ranger samples. Sample 20361, the furthest north of the Ranger deposit,
also had a high 88"Ra activity,but sample 0829 alone had 22"Ra
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in excess of 2 sRa..-The a s sRa/_22 Ra ratio of the filters ranged from 11

1 to 47.' Samgle 79/6a, for which only a water sample was analysed (The natural activity ratio of 22gRa/288Ra
had a

L . low 2:sg,f a sRa ratio of 3.2..

for a' uranium ore in the radioactive equilibrium is 21.7.)
'

,

11.3.3.3 Koongarra area

Radium-226 in the Koongarra area samples ranged from 280 pCi/L-1 (in PH49
from the Koongarra. ore body).to 0.04 pCi/L-2 (in PH94). Generally, there
appear to be higher activities of the short-lived radium isotopes in waters
from the Koongarra area than from the Ranger area. Whereas only 2 out of
10 samples from the Ranger area have 22"Ra greater than or comparable to 22'Ra.'

10 out of the 13 Koongarra samples do. Similarly for 828Ra, only one
- Ranger area sample had a arsRa/22Ra ratio below 10, whereas 8 of the 13
Koongarra samples had ratios below 10. None of the Koongarra samples had
a ratio greater than the natural ratio of 21.7. The low ratio of 1.8
recorded in XPH-8 is similar to that recorded in a sample collected in
November 1982 (i.e. 1.5)~.
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12. ,FURTHER INVESTIGATIONS

There are two principal areas in need of further investigation:

(1)theanalysisofnewinsightsintotransportand
adsorption behaviour; and

(ii) extension of the analogue particularly to men-
made elements such as 28'Pu, y8 Pu,12'I and "Tc.

12.1 New Tasks Arising Out of Previous Work

12.1.1 The role of colloids in the transport of radionuclides in groundwater

There is evidence that a significant proportion of uranium and most of the
thorium in grou'idwater pumped from the Nabarlek area is associated with
particulates (see Section 10). The ' particulate' uranium appears to be
in equilibrium with the ' solution'; however, this could not be determined
for thorium because of its low levels in solution. Three questions need
to be addressed:

(a) What if, the proportion of uranium and thorium associated with
peticulates and colloids of defined size ranges?

(c) What is the relative rate of transport of ' dissolved' and
' colloidal' radionuclides?

(c) Are ' solute' and ' colloidal' radionuclides in equilibrium?

These matters are extremely important. If the bulk of a radionuclide is
transported by a colloid not in equilibrium with the ' solution', the
validity of conventional adsorption coefficients as predictors of transport
is called into question. On the other hand, if equilibrium can be estab-
lished, only a redefinition of the use of the adsorption isotherm concept
will be needed.

12.1.2 The role of iron minerals in the transport of radionuclides

Selective pqase separation techniques associated with careful X-ray
diffraction have confirmed the importance of iron minerals in the
accumulation of uranium and thorium in weathered ores. Separation tech-
niques are being combined with batch adsorption experiments to study
differences in the distribution of 28'u (and 2 8"U) present over geological
time with assU added as a tracer. These experiments are important in
establishing a relationship between laboratory isotherms and data needed
for long-term prediction. However, the need to measure isotopic dis-

,

equilibria on four phases greatly increases the amount of analytical work.!

.
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Two ex:ensions to this approach are envisaged, both of which will involve
significant research:

(a) Crystalline Rocks. Selective phase separation techniques will
le developed to study the distribution of uranium series
r.uclides on separable components within the reduced zones. As
a further extension, a particular study will be made of material-
grading from fully altered rr.inerals at the surfaces of major
cracks and fissures to the unweathered bulk rock. Attempts will-

be made to interpret the data in terms of the adsorption / leaching
behaviour near major fractures over geological time.

(b) gsanic Phase. Because of the potential significance of sucn
ccmplexing agents as humic and fulvic acids in determini..g the
mobility of actinides, selective phase separation techniques
will be extended to include complex organic acids.

Preliminary evidence of' the po:sible importance of iron minerals in the
transport of colloids will be investigated further. Because of the small
quantity of material available and the inherent difficulty in identifying
different ironminerals, the diffractometer is being modified to allow
the collection of differential spectra.

10.1.3 hterpretation of correlated parent / daughter ratios

Important information on the relationship between adsorption and transport
kinetics can be deduced from systematic measurements of similar parent / t
daughter pairs.Ill The principle has been demonstrated for tne Th/Ra
system by Dr J.C. Laul of Battelle Pacific N W Laboratories.t21 Ex
are under way to measure as:Th/888Ra,288Th/28"Ra,aseTh/zasRaandperimentsa7 Th/
888Ra in troundwater samples from Koongarra and Ranger. At equilibrium,
the ratios should simply reflect the relationship between the adsorption
coefficients. If, on the other hand, the time for establishing an adsorption
coefficient is comparable to the half-lives of the nuclides, systematic
difference 3 in the Th/Ra ratios might be observed which should correlate
with the appropriate half-lives and with p'rocadwater parameters. The
principle could be extended to the 888 0/8 ih, 28"U/2 8'Th systems, .if there
is sufficierit activity for measurement.

12.2 Major Extensions of the Geochemical Analogue

The geochemical analogue approach is useful (1) in establishing correlations
between laboratory parameters and those appropriate to geological time-
scales, and (ii) in ensuring that significant parameters have not been
omitted from the transport models.

Geochemical analogues usually have two important limitations. Firstly,
they are inevitably site specific. In the present case, findings arising
out of studies of uranium deposits in the Northern Territory of Australia
need to be related to sites being considered as possible locations of high
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|
1evel radioactive waste repositories. To some extent, the problem of
relating one site to another is being answered by correlating transport'

parameters with detailed mineralogy. If, for instance, the extent to
which iron mineralogy determines the migration rate of radionuclides in
the weathered zone can be quantified, an important basis will be established
for relating findings from one alluvial setting to another. Again, if the
role of colloids in groundwater transport can be determined, this will
provide another basis for interrelating transport at different sites.

The second limitation of the current work is that measurements are
restricted to major actinides. Important components of high-level radio-
active waste repositories, such as 2"Np, 2"Pu,1"I and 'Tc, have not
been included. However, the power of the concept of using uranium deposits
as HLW repository analogues is that these nuclides may be included,
provided that

the rates of formation may be calculated with sufficient
.

accuracy; and

measurements may be undertaken with sufficient precision.,

12.2.1 Iodine-129

Iodine-129 is one of the more significant fission products.
The environmental component is generated by the spallation of atmospheric

:

xenon and by sub-surface fission processes. Relevant information on the
input function was obtained from a recent survey of the levels o{33the
isotope in groundwater from the Great Artesian Basin, Australia.

In an endeavour to incorporate iodine-129 into the geochemical analogue,
groundwater and ore samples will be collected from Ranger, Jabiluka,
Nabarlek and Koongarra. The principal aims of the investigation are:

,

(1) to study the mobilization of the isotope associated with
'

the advance of the weathering front through the metamorphic
host rocks, and with the evolution of the weathered profiles;
and

(ii) to identify factors affecting the mobility of 1"I in ground-
water down-gradient of the deposits,

i

An important simplification to data interpretation arises from the fact
that the time for the evolution of the weathered zone is probably less
than 500,000 y. Since the half-life of 1"! is 17,000,000 y, very little
isotope will be generated subsequent to weathering. The ratio

(1"I/8"U) weathered zone / PHI /8"U) crystalline zone

will thus reflect the not effect of mobilization induced by weathering, and
a small input from 1"! in rainfall. The ratio should be small unless
there is appreciable association of iodide with the minerals of the weathered
profile.
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12.2.2 Neptunium-237

The formation of 8"Np is initiated by the 8"U (n.2n) reaction. As with.taeg
,

.(a) it should be mobilized by the passaga of the weathering front
through'the metamorphosed host rock; ,

'(b) since the model of the analogue indicates that the passage of
the weathering front occurred less than, say. 500,000 y before
present, the generation of the nuclide (half-life 2.14 x 10' y)
'is small and the ratio

|

|

( "Np/anU) weathered zone /( "Np/8"U) crystalline zone

can be interpreted in terms of the mobilization of neptunium
following the passage of the weathering front.

On the basis of analogy with 8"Pu :neasurements, it has been assessed
that it should be possible to detect 107 atoms of 8"Np using mass
s ectrometry. Assuming a useful level of 10' atoms, and an equilibrium

'Np/ "U ratio of 2.2 x 10-18 found for Katanga One, less than 1 g
8

uranium would be required.|41

It is therefore proposed,1f possible, to study the mobilization of
8"Np from the Northern Territory ore deposits using state-of-the-art
mass spectrometry. There are two logical extensions of this work:

(1) to inves'tigate the grouadwater-induced migration of
neptunium, and

(ii) to measure the distribution of the isotope through selectively
extracted phases to establish whether f ron mineralogy plays
an analogous role in neptunium transport to uranium and
thorium.

In the case of groundwater , the work will probably be precluded by the size
of the groundwater sample required (approximately 10' L per g U).

12.2.3 Plutonium-239/ chlorine-36

The scientific basis for incorporating 8"Pu into the geochemical analogueis similar to that for 1"I and 8"Np. However, it is inherently more
complex because the time-scales associated with the evolution of the

.
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,
,

weathered profile are comparable to the half-life of the isotope. ' Account ,

must therefore be taken, not only of the rate of mobilization. but also the
>

.

rate of fomation within the weathered profile. Because of the inherent.
complexity of the processes, there is advantage in nomalizing the 2 "Pu

; data .to_a second isotope which is also formed by neutron activation in both
|.

the unweathered and weathered zones and will be mobilized by the weathering.
Chlorine-36 seems suitable and it is therefore proposed to measure 8 "Pu/ .

l.

! "C1 ratios. .

t

I ~ 12.2.4 Other fission products .

It is proposed to extend the analogue to include "Tc. Technetium / iodide
I

. mobility ratios will be compared by monitoring "Tc/2"I.
.
d

: 12.3 Site Evaluation
J

- As was discussed in Section 2, the aim of the project is to establish the
.

scientific principles for the long-term prediction of radionuclide c

! migration. In'particular, correlations are sought between

laboratory sorption and matrix properties (relation 3, Figure 2),
.

;

i

laboratory leaching (and radionuclide distribution throughout, .

the mineral phases correlation 2),and!

radionuclide distribution and long-term transport behaviouri .

(ccrrelation1).q

| The generality of the correlations should be investigated by seeking to apply
4 them to other classes of geochemical analogue. For instance, the distribu- 1

I tion of radionuclides through the liningr of cid tailings dams could be >

| studied. j

l If the validity of the correlations is established in a number of these
settings, an attempt could be made to apply them to an appropriate potential;

j repository site. The following steps would be involved:
,

) the mineralogy of the host rock would be studied and a.

separation into defined phases undertaken;1 ,

:)
.

tthe distribution of indicator elements such as uranium,
.

! thorium and radium through the different phases would
be established; ,

1

laboratory adsorption / leaching experiments would be i
; .

i undertaken and correlated with the distribution of i

uranium throughout the separated phases;
,

s on the basis of insights obtained from the geochemical analogue,
.;

predictions would be made of the long-term transport of
uranium series elements and more relevant transuranics and

I fission products. ;
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' TABLE 1-

FOUR-ZONE MODEL OF THE' UPPER SEQUENCES OF THE ORE BODIES

Zone Hydrology Mineralogy Comments

I Unsaturated in Oxidized ferricrete or Uranium leaching

the dry season; ferruginous zone grading
oscillating into a mottled zone
table

II Permanently Generally corresponds to Some U deposition
saturated the pallid zone

III Saturated Transition zone between Region of some U
weathered and un- leaching

weathered rock; oxi-
dized material;
evidence of layering

inherited from Cahill
formations in lower
region weathering away
from pre-existing cracks
and fissures observed

IV Saturated Unweathered rock from
Cahill formation

|
!

,
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l TABLE 2- _
>

\
-

-

| DRILL CORE SAMPLES - ISOTOPIC DATA' ABE) MODEL PARAMETER VALUES .:-
,

> , ' -

j DRILL HOLE S1/146 - RANGER ONE-
,

<

_

-,e -.u, uos
,c ,eer,s., c .mt t.r.

(1,
_

,-

-n- .o ~ ~- .. > > . , , , . --9 (u
n.;;'(4, m ,,, - ,3.,,,,,,. (.) .r .. .,;, p. *:r' g9 m. n.

1,,, ,,,~
m, '- ~:s - a,y.e

0t i
.<n

i. ,- = 1)
.

.. fo,_ ;,,,,: ym ,.,
.

z, 0

(. ,or -
(2) y)

51 2.7 I 0.9620.03 1.7620.06 0.58to.02 1.5 (IJ 43 0.9 . 0.9 (1.0 ' O.12 (E)

81 4.0 I 0.7520.03 3.3120.13 0.4020.01 0.8 (u 37 0.9 ., 0.g :1.0 0.96 (g).

35 9.1 I 0.s620.03 1.1320.04 0.8120.02 0.3,(D)' 11 . 0.9 0.9 1.0 L0.92(EfI
H 378 13.1 II 0.9920.03 0.9020.04 0.5520.08 0.3 ED) 86 _ ' O. 9 : '1.2 i1.0 0.05' (w) i

.
-

8 '

36 '21.0 III 0.6820.03 1.4520.04 0.8020.02 0.6 (L) 171 1.0 , 1. 0 '. g ,'S 0.05 (w) :I

l
1

.

NOTES

(13 A selection only of values is presented. Further development will permit evaluation of all data' sets from all sasyles on a profile. ~

(2) The rate of leeching (or deposition) is detimed by tion (1)
(3) R, the relati a rate of leacidag for deposition) of 3*. to 2 3 g. is defined by equation (1). '

(4) Deletive valuws only are reported.
(5) For samples close to the postulated some hdary, the parameter values should he considered as a guido only.

.
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TABLE 3,
_

|

| DRILL CORE SAMPLES - ISOTOPIC DATA AND MODEL PARAMETER VALUES -
,

| DRILL HOLE SI/185 - RANGER ONE
t

==r=- i.t t..r t.r -1.e.m| -.
-S

U bN N III ''O Concem- Sone 25tg 2 30g g4j 2 33 fian 23"U(o) 2 38S (o'' *
Depth 226 ,j3 PW (or Depm) Rate

m(3) Weatherlagtration (Fig. 23 % 2 3*g 2 30g 23Sg gpg a 1000 23s g 3 2sag g g,3 g,I" ' I N III(4 per 1000 y) (a per 1000
(2) v)

l
47 22.4 III 0.9420.03 1.07t0.06 0.6420.01 0.3 (D) 12 1.0 1.0 1.0 0.18 (W)

74 20.0 III 0.9120.03 1.0020.06 0.6020.00 0.3 (D) 22 1.0 1.0 1.0 0.06 (W),

l

93 30.0 III 0.9520.04 1.1810.06 0.6210.00 0.6 (D) 32 1.0 1.0 1.0 0.02 (W)
L w

O!

| M 35 48.4 IV 0.0420.03 1.0820.06 (5)

10 110.0 IV 0.9020.00 0.69 0.05 1.55t0.00

21.7 142.0 IV 0.9etc.03

i

|

i

|

1

l
|

|

l
MOTES
(1) A selection caly of values is presented. Further developeant will permit evaluatica of all data sets from all samples en a profile.
(2) The sate of teaching (or deposition) is defined by tien (1).

,

(1) R the relative rate of teaching (or depoettica) of 3"U to 2 3% is defined by equation (1).|

(4) metative valoes caly are reported.
(5) ,arameters cammot be deduced for some IV.

i
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TABLE 6

DRILL CORE SAMPLES - ISOTOPIC DATA AND MODEL PARAMETER VALUES -

DRILL HOLE DH 16 - JABILUKA ONE

Sample Act ty pa os
O naistent Parameter values

.at. .ro.i.nU Ooncen- Bone 234 230% 226 I4) 233 Time 2 3%g go) 2 30Thfo) III '' **g
t i, ( ig. N 2 34U 230Th 235 E 2SSU(o) II"U(o) E

(4 per 1000 y)
,

(a per 1000
(2) y)

1147 4.0 I 1.0220.06 1.7210.06 0.15 (L) 43 0.9 0.9 l'o o.og.

1822 8.2 1 0.9720.01 1.05:0.03 0.3 (D) 22 0.9 0.9 1.0 0.02 (E)
(

w 1145 13.1 II 0.9310.04 0.9720.04 0.3 (D) 96 0.9 1.2 ' 1. 0 0.04 (w)O
A

15 19.5 III 0.9920.02 0.9020.04 0.3 (D) 86 1.0 1.0 1.0 0.18 (w)

11.7 25.0 III 1.0520.05 0.7810.04 0.3 (D) 86 1.0 1.0 1.0 0.11 (w)

6.9 45.1 IV 1.0920.09 (6)

3.7 54.6 TV 0.9210.06 0.6710.45

_

_

_

NOTTS _ ~

(1) A selection only of values is presanted.
Further development will permit evaluation of all data sets from all samples on a profile.(2)

The rate of teaching (or deposition) is defined by guation (1).*
, (3) R, the relative rate of teaching (or deposition) of 3"U to 2 38 , is defined by equation (1).0(4) Relative values only are reported.

(5) The emputer program produced no c . tmt.
(6) Parameter values cannot be calcul.c * for zone IV.. x

*y4.
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TABLE 6a' -

!-

DRILL CORE SAMPLES - ISOTOPIC DATA AND MODEL PARAMETER VALUES -1. -
- "

4

r s

. DRILL HOLE DH 35 - JABILUKA ONE

I_ Sample Consistent Parameter Values' ''
'AC*A **

Ante Esosion

Time'. 2 34gge). 2 30g go3 '. (3) or W.(8 '

! U concen- Bone 234g' 2 30 , (4) 231226 '

| tration
p

(Fig. 23(0 2 34g. 2 30 235 x 1000 238u go) 234gge) R ,,, g,m .

III' ' '

(4 por 1000 y) ' -(a per 1000
(2) y)

i

256 8.2 I 1.0e*0.05 0.9320.04 .0.3 (D) 64. 0.9 0.9 ' ' 1. 5 0.03 (w)-
.

616 12.5 II 1.0640.04 0.9720.04 'O.3 (D) 65 ' O.9 1.2 1.5 ' O.08 . (w) , . ,
)t

I
>

i e-a
O 30.3 20.3 III 1.0420.06 1.1020.17 0.3 (L) 65 1.0 1. 0 , 1.0 - 0.23 (W) -

, m
I

f 123 25.0 III 1.0520.03 1.1220.04 0.3 (L) 43 1.0 - ,1.0 0.5 10.23 Of).
r- ;s

7.6 29.2 III 1.1620.07 1.0720.06 '(6)
!

74.1 45.0 IV 0.e520.04 1.03t0.05
' r

>

5.4 50.0 IV 0.9520.04 0.7620.05

'

6

i

j~ Norts
! (1). A selectaan only of values is presented. Further development will permit evaluation of. all d.ta sets from all samples on a profile.
{' (2) The rate of leaching (or deposition) is defined by uation (1) .

i (3) m, the relative rate of leaching (or deposition) of 3*U to 2 36 , is defined by equation (1),'U ,

!- (4) malative values only are reported.

(5) As there were no samples from the upper (leaching) sone, no attempt could be made to assess mass balance.'

|
(6) , Leaching parameters cannot be calculated for some IV.

!

f
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TABLE 7
-

DESCRIPTION OF CORE SAMPLES FROM RANGER ONE Sl/146

x
""* *Depth Aquifercolour Comments .Lateriteg ,) ,
P rofile

Mottled Inhomogeneous - large quartz Mottled zone
2.7 80s 10YR 5/6 (dry) red veins present (3 cm length of laterite

20% SYR 5/1 (dry) white 0.5 cm wide), matrix easily
crushed, no evidence of
Inyering. shallow

Mottled guarts grains, 3 uma diameter, Mottled zone upper
4.0 80% SY 8/1 (dry) white matrix easily crushed with of laterite

20410YR 4/6 (dry) white fingers, no evidence of aquifer.
layering.

system
Slightly mottled No quartz grains visible, Pallid zone

9.1 954 SY 8/1 (dry) white matrix easily crushed with of laterite
St IOYR 7/8 (dry) white fingers, no evidence cf

>4 layering. -

Om
only ground sample oxidized

13.1 available - material
2.5 Y 7/6 (dry) yellow '

Deep

Slightly mottled No quartz grains visible, Oxidized ore14.6 954 7.5 YR 8/4 (dry) pink matrix easily crushed with material
5t Black and green veins fingers. Some evidence of body

layering inherited from

Cahill formation.
aquifer..

Whole coloured Quartz grains 1-2 na diameter oxidized
19.7 10YR 8/3 (dry) very pale visible. Definite layered material system

structure inherited from Cahill
formation visible.

Whole coloured No quartz grains visible. Well Slightly
21.0 10Y 6/2 ( ) greenish consolidated material showing weathered

olive layer -structure of Cahill rock-
formation.

. _ _ - _ _ .
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TABLE 8 (Continued)

,* *Sample Consistent Parameter valuesg ,,

Este Erosion
g 230g U 1maching (L) 2 34g g' * 230mg (E) or Adv.U concen- Bone 234 *

pSample tration (Fig. 236U 234U 2 30 235 x 1000 23e go3- 2 34ggo) - Rm g
IM 9 I *I

III(t per 1000 y) (a per 1000
y)

231/FA 45600 10.0 II 0.98 1.01 0.94 0 43 1.0 ' 1.0 ; 1.0 _0.01 ,w
35/Q 7120 11.0 III 1.00 0.94 1.16

R 1430 16.3 IV 1.09 0.84 1.45

229/S 1670 0.42 1 1.11 1.18 0.98 2.1 '(L) 21 ' 1.0 0.7 1.0 ,0.06' E
T 1400 1.28 I 1.07 0.82 1.11 1.8. (L)- 11 1.0 0.7 1.0 ~ 0.04 .E$ U 420 2.97 II 0.95 0.72 1.16 ~

00

72/v .8610 25.0 IV 0.80 1.13 1.02

91/w 2000 0.05 I 1.15 1.02 1.18 1.2 , (L) 21 ; 1.0 0.7 1.0 0.08. E |
X 11060 1.67 I 1.01 1.00 0.97 , 2.1 (L). 11 1.0 0.7 1.0 <0.01 . E '

Y 1950 10.9 III 1.17 1.13 0.88

255/2 260 1.76 I 1.17 1.26 0.69
AA 5630 5.87. II 0.88 1.04 1.61 0 . 65 .. 1.0 1.0 1.0 0.07 w
Bs 1350 13.7- III 0.91 .1.01 0.94

,

CC 220 14.7 III 0.83 0.94 1.85

36/DD' '83200 11.4 III" 1.02 0.97-

EE 18500 15.1 III 0.66 1.01 1.06

asegg,3fassU(o) and Th(ol/as*U(o) are the initial values of the respective ratios, i.e. the value before the evolution of the zone.ase*

in question (column 4).

astgjaneU activity ratio in the transporting medium (infiltrating water).t R is the
4

_ _ _ _ . _ _
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TABLE 9
,

-

,
,

COMPUTATION OF' VERTICAL' URANIUM FLUX
,

U Conc. Leaching (L)- Total leaching (L)
PO (av. . Deposition (D)-Rate Deposition (D):(pq q*g) -Sample Sone
I"' ~ ( t per 1000 y) (aq y" m-2) '

52/ .O -

- 640 2.1 (L) 15.4 (L)g

A 'O.44
7 97$ _- 0.3 (D) 10.6 - (D),

.B 1.78 -

3875' O .3 ''(D) 54.3 (D)gg

-_. C 3.56
II 6660- 0.3 (D) 186'- (D)

D ; 7.10
II 3925 0.3 (D) .95 (D)

E 10.2

71/ 0
I 990 2.4 (L) 6.2 (L).,

J 0.1
.I' 1015 1.5 (L) 7.9 (L)

0.32
II 4200 0 0

L 2.01 .gg - 10730' O O
"' *$

II 7250' O.3 (D) 238- (D)
N 9.75.

2IZ 793 .

O 12.5
III 1285 3 *

P 13.6

91/ 0
I 2080 1.2 (L) - 3.2 (L)

W 'O.05
I 6570

* *

II 1950 *

Y 10.9

.

d.

A

I

i

l

109
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TABLE 10' A '

MINERAL (L'Y OF JABILUKA ONE DH 3
+

>2 pm Fraction
A oder .Sample t Quartz - s

Chlorite Mica vermiculite Smeetite Kaolinite Goethite Minerals-

11.0 R 55
11.3 S 50 30 50 10 15 ?- -

14.0 S 70 50 30 10 10 ? 2-
20.1 S 50 30 701 - - - -

29.6 R 45 / / - - -- -

70.5 S 60 100 - - - - -

TABLE 11

C MINERALOGY OF JABILUKA ONE DH 16o ,

>2 pm Fraction
Other'Sample t Quartz ^

- s
Chlorite Mica vermiculite Smectite Kaolinite Goethite Minerals

4.0 S 30 25 20, 5 20 25 2
8.2 R 60
13.1 R 90
13.5 S 35 100 - -- - - -- Anatase
45.1 R -40 / / - - - .- Pyrite
54.6 S 45 50 501 - - - -

S - sample investigated using sedimented. aggregates and random powders.
R - sample investigated as random powder.
I - interstratified material pt Snt.
/ - present.
? - may be present.

,

*
_ _ _ m..__. _ . . _ . .
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TABLE 12

MINERALOGY OF RANGER ONE Sl/146

-

>2 pm Fraction MerSample 4 Quartz f s
Chlorite Mica vermiculite Smectite Kaolinite Goethite Minerals-

25 70 0 Hematite; 2.7 S 35 - 5 -

-(Anatase) *

40 50 L Anatase104.0 S 10 --

(Hematite).

h 10 - 50 40 L. Anatase9.1 S 30 -

'

25 30 10 Anatase4013.1 S 50 --

21.0 S 60 60 25 15 - - -

I S - sample investigated using sedimented aggregates and' random powders.
R - sample investigated as random powder.

1 I - interstratified material present.

! /- present.
'

L.- present in low concentration.
? - may be present.

,

;

.

|
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TABLE 13~

COLOUR AND IRON MINERAIOGY OF CORE SAMPLES ~ FROM <
;

RANGER ONE S1/146

Colour ' Hematite
-Magnetic

h pth' ' -

Goethita C nont

2.7 Red Present ?. 0.5

4.0 White . Low '? 0.6
.

9.1 ~ White n.d. Low 2.0
,

-13.1 . Yellow n.d.- Present 1.0
|

|

n.d. - not detectable.

? - may be present in low levels. I

TABLE 14

S1/146 : DEPTH 2.7 m a URANIUM (#I*U) AND THORIUM (2 3 0Th)

EXTRACTIONS AND ASSOCIATED ISOTOPE ACTIVITY RATIOS

Extractant % g gj238U % Th Th/ g23e 234 230 230 234

0.1 M,NHgC1 1.310.1 1.2710.08 <0.2 n.d.

(24-hour shake)
*

Acid oxalate 24.610.9 0.9810.03 20.111.4 .3110.09
(4 hours in dark)
CDB-2 extracts 46.111.0 0.9910.08 61.012.6 2.1510.23
(i hour; 80*C)

5% Na2003 1.010.2 1.0010.15 <0.2 n.d.

(16-hour shake)
HNO /HF/HC10,, 26.910.5 1.7810.08 18.910.6 1.5610.143

digestion + Na2O2
fusion

,

All errors quoted are one standard deviation.

n.d. - not determined.

112
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TABLE 15

S1/146 : DEPTH 4.0 m URANIUM (238g) -AND THORIUM (230Th)

EXTRACTIONS AND ASSOCIATED ISO'IOPE ACTIVITY RATIOS

23e 234 23e 230 230 234Extractant % U U/ g g Th Th/ g

0.1 M NH4C1' O.810.1 1.1710.12. <0.2 n.d.

(24-hour shake)
Acid oxalate 24.4tl.0 1.1410.04 44.li4.2 4.7410.46
(4 hours in dark)
CDB-2 extracts 21.910.4 U.9610.04 32.411.9 1.9210.10
'() hour; 80*C)

5% Na.CO3 2.410.2 0.9510.11 -<0.2 n.d.

(16-hour shake)
i

HNO3/HF/HClO4 50,511.6 1.3210.04 23.611.7 1.7310.17
digestion + Na202
fusion

All errors quoted are one standard deviation.

n.d. - not determined.

TABLE 16

S1/146 : DEPTH 9.1 m : URANIUM (238U) AND THORIUM (230Th)

EXTRACTIONS AND ASSOCIATED ISOTOPE ACTIVITY RATIOS

23e 234 23e 230 230 234Extractant % U U/ g g Th Th/ g

0.1 M NH4C1 <0.2 n.d. <0.2 n.d.
(24-hour shake)
Acid oxalate 29.210.6 0.8010.02 12.210.8 0.7510.04
(4 hours in dark)
CDB-2 extracts 41.310.5 1.0810.07 61.813.4 2.1710.17
() hour; 60*C)

5% N& 003 0.2 n.d. 0.2 n.d.
(16-hour shake)

HNO /HF/HC104 29.613.6 1.2710.07 26.011.5 1.8510.143

digestion + Na2O2
fusion

All errors quoted are one standard deviation.

n.d. - not determined.
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l TABLE 17 -
.

S1/146 : DEPTH 13.1 m~ URANIUM (23e ) AND THORIUM (23oTh)
'

U
s

EXTRACTIONS AND ASSOCIATED ISOTOPE ACTIVITY RATIOS '

23s 234 23s 230 23cExtractant % g g7 U. % Th Th/23=g
.

0.1 M,NHgC1 <0.2- n.d. ~<0.2 n.d. -

(24-hour shake)
Acid oxalate 61.313.7 0.6710.02 10.810.2 0.3710.02-
(4 hours in dark)
CDB-2 extracts 36.811.8 1.2110.06 83.112.9 2.85i0.17 -

.g (i hour; 80*C)

5% Na2CO3 <0.2 .n.d. 2.410.2- n.d.
| (16-hour shake)

HNO3/HF/HC105 1.910.1 2.1510.12 3.710.2 1.2610.11
digestion

i

L
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l
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!
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TABLE 18

REPRODUCIBILITY : DUPLICATION OF SOME EXTRACTIONS TO VERIF_Y

REPRODUCIBILITY OF THE TECHNIQUE
.

Depth 23e 234 23sExtract g U U/ U
(m)-

0.1 M'NHgC1 4.0 0.610.04- 0.9510.08
(24-hour shake) 4.0 0.810.1 1.1710.12

CDB-1st extract 4.0 16.310.4 0.9510.02
() hour; 80'C) 4.0 '15.711.0 0.8710.04

CDB-1st extract 13.1 30.410.6 1.2010.05
(3 hour; 80'C) 13.1 33.511.6 1.1710.03

All errors quoted are one standard deviation.

TABLE 19

#38A MASS BALANCE : COMPARISON OF TOTAL U OBTAINED BY SUMMATION OF

ALPHA SPECTROMETRIC ASSAYS OF ALL' EXTRACTS AND BY DELAYED NEUTRON

| . ACTIVATION (DNA) ANALYSIS OF WHOLE SAMPLE (RANGER ONE S1/146 PROFILE)

Depth 23sU all extracts #38 U by DMA
(m) (pq q-1) (pq q-1)

2.7 47.2 J1.3
4.0 84.3 81.1

9.1 35.6 35.6-
13.1 352 378

I

l

)
'
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/ TABLE 20
'7

'22sg, g g .22s hj2seg ACTIVITY RATIOS IN PHASES SEPARATED FROM~

"
- r81/146 RANGER ONE

T "*1 Cl*Y/E"****MW -( Fe)
Uranium +

23e 'Ra .22sRa/ sonzzsRa 22s.(m). 2- .{ g g_t) Ra/ h
(dem e ) (dem q )

2.7 47.2 538.7 ,1.47 _26.8 0.33
,

4.0- 84.3 74.3 -1.03 .36.3' 10.33

-9.1 35.6 '43.0 2.31 <1 <0.03

'13.1 352 74.7 5.5 173.4 0.42

.

i

E

L-

_ TABLE 21

SYNTHETIC GROUNDWATER COMPOSITION

JABIRU *''

*

Concentrationcgm (og L ) ,

SiO2 38.71 4.5
Na+ 11.51 1.8

K+ 3.21 0.6 -

2Ca + 11.51 1.6
2Mg + 16.81 2.4

C1" 9.51 1.6,

2-Sog 4.21 0.9

HCO3 143.0112.0

(a) Uncertainties quoted to a 95%
confidence level.

.'

I,

,
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--

LONG-TERM LEACHING EXPERIMENTS

' Sample : 13.1 m 81/146, Ranger One
Solution oxidizing, pH 5.5

' Weight of sample :" 0.5 g
sample g eparation : crushed to -100 BS2Added U 5 aliquots'of 150 dpm ,.

Uranium content : 378 pg g'1,-i.e.'189'pg
or' 142 dpta

gj23s0 ratio : 0.9920.03234

Activity < Activity ,

Day Isotope- Solution . Ore Kd
(dsun) (dsm)

1 U >10"238

4236 >10g

42:4g >10

2a s26 0 0.043 142 3.3x10

2saU 0.01 900 9x10"

82 "U 0.047' 141 3x10

e
See text for definition of K 'd

dpm - disintegrations per minute
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N| '#G -TABLE 23'
, s

h % DAY LEACHING / ADSORPTION EXPERIM NFS

% sample : 4.0 s1/146,' Ranger One
Mass of' sample : 2.00 g

,

q.

Volume of aqueous phase : 100 mL 4
Sample preparation : crushed to -100 BS with rotary mill'

.-

Uraniusa content : 84.3 pg g"1
23*gjaseU activity ratio :^1.1910.04

7

h w h M (1) 'U'K '

'd dd *

Conditions Adsorption Desorption ( K 'd 1

|
i

|
3 3'pH 5.5, oxidizing 2.2x10 ;9.9x10 .0.22

,

pH 5.5, reducing 4.0x10 13x10"- 0.13.
.,

8

l

8pH 8.5, oxidizing 4.2x10 2x10' O.21

spH 8.5, reducing- 8.1x10 7x10" 0.11

(1) See section 7.2.1.i

(2) See text for definition of K 'd
(3) Values are rounded to one significant' figure if the standard

deviation associated with measurements exceeds 104.
,

i

r

!.
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TABLE 24

THE EFFECT OF a-RECOIL ON RADIUM ADSORPTION COEFFICIENTS

Volume of suspensions - 100 mL
22sTotal Ra added to each suspension - 4700 dpm
22eTotal Th added to each suspension - 4736 dpm

pH - 7.5
.

Y " (1) (2) d (3)Loading
' Solution' p=

Suspension (mg mL_2) r
22s 22e 224 K 9h g h

(egn 18)

(4}montmorillinite 119 4.6 2.4 2.4 2.0 0.5

illite 103 15 14 7.5 2.0 0.5

>. kaolinite 137 1.5 0.7 0.7 2.0 0.5'
E

,

(1) The **'Ra, ##8Th solutions in this experiment were added on 15
September; the 224 22sRa/ Ra assay was undertaken between 30

September and 11 October 1982.

(2) Dissolved, i.e. 'non-filterable' activity,was estimhted by

passing a 1 mL aliquot through a 0.22 pm membrane filter.

(3) The values of p are slight underestimates, as no attempt

has been made to correct for the small fraction of 22"Ra
formed from the dissolved 2**Th.

(4) Sodium forms of the clays were prepared.

dpm disintegrations per minute.=

. _ _ - - .
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TABIJE 25

' URANIUM SERIES DISEQUILIBRIA WITHIN JABILUKA TWO ORE BODY
,

D*Pth U
226Ra/*38U 23*gj23eg Th/88*U230 2:1 ,7235Sample p U(m) - (pg/q)

V152/V2 60.5 6.83 3.6810.24

81.1- 2.64 8.0010.96

99.0 5.34 5.3210.42

117.6- 6.51 7.0410.35

138.2 13.40 3.3010.16

150.5 9.79 5.7910.29

W/147/V 65.3 22.89 1.7710.07

87.9 2451.3 1.3010.01 1.00 0.6810.04
110.0 21.25 6.8710.25

130.2 5.05 5.8110.47

148.5 '1768.5 1.2010.01 1.00 0.7410.04
172.0 108.0 1.1510.01

W/141/V2 75.9 -3.92

31.8 7.30

103.8 4.64 6.2510.50

118.9 52.81 1.1310.03

137.0 1269.5 0.9710.01

149.7 4424.4 1.0310.01

120
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TABLE 27 ' ~

NABARLEK GROUBEMdATER - ISOTOPIC DATA

.

Bore Tritiunt 16C .[U] 234U/ U .23e h/234U ''23e T
No. (TU)* (% anod. C) (49 L~*)

OB 19 1.510.4 -37.510.8 85.110.5 7.1320.32 1.0520.05
,

- OB 20- 2.710.4 -37.910.5 % .510.7 77.312.6 0.8010.017 < 0.0045'

08 25 0.820.4 -38.910.5 84.910.9' 6. % i0.14 0.9710.021
'

OB 21 1.710.4 -35.510.7 96.910.8 .0.6110.032 0.9710.09 '< O.06
- TB 36 1.810.3 -34.810.6 87.310.7 0.7220.032 1.4410.06 < 0.02~

.

TB 33 1.710.3 -32.710.5 99.310.7 1.8110.05- 1.2210.023 0.0410.02-

TB 40 1.710.3 -34.810.4 85.420.7 0.7420.03 2.4010.'11- 0.0210.01
to .

''
.

'* RN20475 0.710.3 -38.610.5 87.511.0 0.1610.01 '1.50t0.06'

RM20473 1.210.3 138.511.2 4.1120.17 0.84t0.04- 0.014to.003

.

Is .
* .By definition,1 TU is the ratio of 1 tritiums atout per 10 hydrogen atoms.
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1 0 '1
U 0 1 0 7

= 5 04
$_ 0 0 2 0
2 6 1 1 0 1 0
/ 0 5 15 5
h 0

0 5 0 7
T 0 0
e < 0 0 < 0 0
3
2

U 7 3 3 9 4 2 4 6 08A 0 0 0 0 0 0 0. , 0 23T 2 0 0 0 0 0 0 0 0 1 0A / 1 1 1 1 1 1 1 1D U 6 2 8 9 4 5 4 2 > 24C 7 0 7 9 7 6 7 8 43
I 2P 0 1 0 0 0 0 0 0 1
O
T
O 6
S 0
I 2 3 4 4 7

0 0 1 7 4 1 0 0
0

- 5 0)
18 0 0 0 1 1 1 0 0 1

L 1 1 t 1 1 1 1 1 0 52 R
U 8 1 3 9 6 1 81 0 4]E

q 4 3 3 6 9 0E T [ 5 9 2 4L A p 0 1 4 5 2 6 1 1 0 0B W (A D
T N

U

R 4 4 3 7 4 3 2 8 4 5O
G 0 0 0 0 0 0 1 0 O 0
A H 1 1 1 1 1 1 1 1 ! 1

-

/ 8 8 2 1 3 5 1 5 0 0
R
R D 4 4 3 7 6 3 4 0 2 6 .

A 3 3 3 3 3 3 3 3 3 3 t
G . - - - - - - - - - i
N s
O n
O a
K r

t
m

4 4 4 4 4 5 4 4
nu) 0 o 0 0 0 0 0 0 i

.
iU 1 i 1 1 1 1 1 1tT * *
i(

4 9 6 8 9 7 3 0 n,

er 1 0 0 0 0 4 2 1 kT o
r
b
s
e.
lo 8 7 3 9 4 5 4 1 pN 7 2 7 4 1 7 5 9 mD 1 al H H H H H H H H T D Sl P P P P P P P P K Ke
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TABLE 29 ,

..

JABILUKA GROUNDWATER - ISOTOPIC DATA
4

,

well No. Tritium D/H [U] '

(TU) (IMr L_,) 23"U/23eU 23 e h/ 8% .8
<

' i

170 2.210.4 -31.110.5-

DH 237 0.710.3 -35.011.3:
'

101 1.510.3 -35.211.0- 0.3010.02 1.2720.06 i

'

- .

V/153/v2 1.010.4 -33.610.6 3.6010.19 1.1710.05 ].

w/111/v 0.410.4 -34.810.2. 0.40110.018 2.0010.08
.

120 0.510.4- -37.410.1~ 0.2310.014 3.6720.16,
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TABLE 31

REDISTRIBIFFION OF RADIUM IN DRILL HOLES S1/146 AND S1/185,

RANGER ONE

Rel. Leaching Lg
( r DepositionDrill Depth U 22sRa/ (or Deposition

Hole (m) (P9 9'b -13 D) Rate
230 eq D) x 10 g/g

Per 1000 y)
ore per 1000 y

Ra U

S1/146 2.7 51.3 1.07 1.73 8.8 5 D O.8 L

4.0 81.1 0.74 1.84 56.5 19 L O.8 L -

ff 9.1 35.6 1.52 1.64 85.5 67 D O.6 L

13.1 378 1.03 0.89 15.2 1.1 D O.6 D

21.0 36.5 1.50 1,47 39.4 30 D 0.3 L

S1/185 22 46.8 1.20 1.21 16.5 10 D O.3 L

28 74.3 1.12 1.02 13.2 5 D O.3 L

30 93.4 1.16 1.28 28.4 8 D 0.6 L

48 34.9 1.29 1.23 17.3 14 D

110 10.4 2.90 2.39 49.9 135 D

142 21.7 1.84 1.51

1

-



, -__ - . - - _ _ _ _ _ __ - .. . _ _ - _ _

'
,.

TABLE 32

P' RADIUM DISEQUILIBRIA, DRILL HOLES S1/149 (RANGER ONE)

AND S3/32 (RANGER THREE)

'

Drill . Depth U 225Ra
Ueq/UHole '(m) (pg g"I) (dpa q~1)

S1/149 0.0 679 1172.3 1.30

3.0 107 554.2 -3.88

6.0 793 1124.1 1.06

9.0 1465 1525.6 0.78

10.0 2008 2784.3 1.04

11.0 33184.7

14.7 -1028 1396.4 1.02

15.7 2642 3529.8 1.00

18.2 759 1099.1 1.09

21.0- 52435.5

21.6 15352

25.0 873 3746.7 3.22

S3/32 0.0 41.6 67.92 2.18

2.0 191.5 124.0 0.86

3.0 17.1 22.9 1.79

3.4 152.7 107.9 0.94

4.0 28.1 32.5 1.54

dpa disintegrations per minute=

1

t
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!
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TABLE 33

REDISTRIBUTION OF RADIUM IN DRILL HOLES DH 3, DH 4, DH 8, DH 16 AND DH 35'

JABILUKA ONE

** "## "IRa Leaching L
226 ( r Deposition *

Drill Depth U Ra/ (or Deposition
Hole (m) (pg g-1) 23'Th eq D) x 10-13 gg-I ## *

I'ore per 1000 y Ra.Per 1000 y)U+

DH 3 9.3 6.9 5.22 3.51 142 568 L 1.1 D
11.0 6.2 5.03 1.63 77 352 D 2.5 L
11.3 5.0 4.28 2.82 65 '360 D 1.1 D
14.0 2.7 9.20 7.97 2546 D 1.1 D
15.6 3.2 10.45 7.15
20.1 3.5 10.03 7.09 1061 D 0.1 D
29.6 7.8 3.04 3.31 286 D 0.1 L

{{ 70.5 524 2.25 1.84 92 D

DH 4 9.8 52.1 1.15!O.04 1.35 13.4 D 7.5 D 0.3 D
18.6 6.0 1.1910.16 1.37 2.6 D 12.3 D 0.3 L
43.9 0.7 6.87 0.81 6.8 5.8 D 242 D
61.3 6.6 3.55t0.19 3.1 28.4 D 123 D

DH 8 1.8 3.0 8.4810.67 4.7
2.9 6.3 7.73 0.64 3.7

DH 16 4.0 1147 0.76 1.33 443 8 L
8.2 1822 0.87 0.89 253 4 L 0.3 L
13.1 1145 0.80 0.77 239 6 L 0.3 D
19.5 19.5 2.63 1.97 84 120 D O.3 D

(Continued)

|
. _ _ _ .
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TAa 2 33 (continued),

I
r

l mal. Leaching Lg, g
22s ( r Deposition

Drill Depth U Ra/ (or Deposition
-t D) rata

( uole (m) (pg g-1) 2se U
Th eq D) x 10-13 gg

w 1000 y)

|
ore per 1000 y

Ra U+
'

|
| Du 35 8.2 256.2 1.0610.04 1.07 22.7 D 2.6 D 0.3 D

17.0 6.4 5.16

| 12.5 615.7 0.9320.04 0.95 65.7 L 3.1 L 0.3 D

20.3 30.3 5.6010.56 6.29 236 D 229 D 0.3 L''

25.0 122.9 2.0220.06 2.45 201 D 48 D 0.3 L

29.2 7.6 8.5420.38 13.2 105 D 403 D

E *e The value calculated is an instantaneous rate averaged over 1000 y, to allow
comparison with geochemical tieescales.

See Tables 5 and 6(a)
|
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TABLE 36
,

'

.

226ESTIMATES OF FILTER EFFICIENCIES FROM Ra ANALYSES OF r

'

WATER AND FILTER SAMPLES

- .

Sample Volume,% Filter 226Ra Ra. Recovery--226

No. Filtered Used Filter Water (%) .

(a) Ranger Samples -

'

.

-

79/1 50 5 78.4'12.L '34.'O 11.20 92 -

| 82/3 62 10 5.0 0.2 1.2320.05 66

(. OB 29 100 10 '3.8.10.14 0.5010.03 76
.-, . N9250 100 10 2.3 10.1 0.2710.02 85~

,

-9252 100 10 0.6010.04 0.1610.02 37 i

9722 150 10 0.3210.02 0.1810.01 12:,

|

, . /
''

9727 150 15 -

4.1 10.2 0.4210.02 . 43-
3754 '

g .

50.5 10 '- 20.6 10.7 5.2310.2 78 .

<

g 20361 250 15 37.6 11.3 1.8510.08 54
'

,,
-r,

(b)~Koongarra Samples
, .,

m,- -
,

..

PH 27 100 15 96.8-13.1- E1.311.9- 11
'~

-

'

PH 73 70 _ 15 3.3210.1 0.9210.04 -~33
~

PH 78 70 15 3.9910.15 0.5610.03 69
PH 94 150 15 0.7410.06 0.0410.01 82
KTD 1 150 15- 1.7610.09 0.1410.01 56'
KD 1 100 15 43.1 11.3 7.6810.25 37"

X-Spring 100 15 _28.3 11.1,- 4.2510.15 .44
XPH 3 150 15 13.2 10.4, 0.7610.04 77

m

=

-4 N

. j. f:
~

# -
- . _



__ _ -_ _-_-

L

;w,

4
APPENDIX A

,

SOLUTION OF THE URANIUM TRANSPORT EQUATIONS

In Section 8, it was shown that, assuming . leaching (or deposition) was a
~

first order process, the uranium transport equations were

Uranium-238:

Us = Us(t ) exp - (As + C) t , (A1)o

Uranium-235:

Us(t ) exp - (As + C) t , (A2)Us =
o

Uranium-234:

(A. + RC)U,, - AeUs , (A3)-dug /dt =

Thorium 230:

A 1 - A U , and (A4)-dI/dt =
$

Protactinium-231:

A Pa - As s , (AS)-dPa/dt u=
p

AsUs, A U , Ajl and A Pa are the activities of 23eU, 23sU, 23"U,where AaV8
asoTh and 381 Pa respectivel ; E 10 the rate of leaching (+ve) or rate of
deposition (-ve); R is the {8"U/2380 ratio of the leachate or the depositing
material; t is the elapsed time; and Us(t ), Us(t ) are the levels of 23eV
and assU at the initial time t . Afulliistofsymbolsisgivenino

g
' Appendix C .

Uranium-234

Substituting equation (A1) into (A3),

aU .- A.Us(t ) exp (-bt) , (A6)-du /dt =
o

where a = A% + RC , (A7)

and b=A+C .

From equation (A6), it may be shown that

= U.(t ) exp (-at) + h e(t ) (exp (-at) - exp (-bt)) . (A9)U
o o

A-1
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The activity ratio,

Su=f8 AgUS/A Us(t ) exp(-bt) . (A10)=
g,

Substituting (A10) into (A9),

Su = Su(t ) exp-(b-a) t + (b a) (exP (b-a)t - 1) (All)$ ,
g

where Su(t ) is the activity ratio at the initial time t .g g

'

Thorium-230

From equations (A4), (A7), (A8) and (A10),

-dI/dt = A I - A.U (t ) exp (-at) +j g

) Us(t ) (exp (-at) - exp (-bt)) . (A12)+ g

The solution of (A12), which can be most readily checked by back substi-
tution is

exp (-A t) + (A a) U (t ) (exp(-at)-exp(-A t)) +
'

I=I j g $g

ASAs U(t )g
+ (b-a)(A -a)(A b) ((b-a) exp (-A t) +$j j

+ (A -b) exp (-at) - (A -a) exp (-bt)) (A13)j j
.

The activity ratio,

Si = A I/AuUS (A14)j .

Substituting (A14) into (A13),

Si x D = Si(t ) exp(a - A )t + A (1 - exp(a - A )t,)/( Aj - a)g j j j

+ A Au((b - a) exp((a -A )t + (a -A ) exp-(b - a)t + Aj - b)/j j j

[(b - a)(a - A )(b - A ) S(t )] (A15)j j o

where D = 1 + A (1 - exp -(b-a)t)/(b-a) Su(t ) .g

A-2
-
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Protactinium-231

From equaticas (A2) and (A5),

Pa - A Pa - As s(t,) exp (-ct) , (A16)u-dPa/dt = p p

where c = As + C . (A17)

From equation-(A16) it may be shown that

AsU(t)S

Pa=Pa(t)exp(-At)+ o (exp (-A t) - exp (-ct)) . (A18)g p g,3 p
P

The activity ratio

Sp = A Pa/Asus , (A19)
p

hence, from (A18) and (A19),

A

(A20)Sp = Sp(t ) exp (c-A )t + (c p) (exp (c-A )t - 1) .o p p

A-3
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APPENDIX B

DEFINITIONS AND STANDARDS

Stable Isotopes

Stable isotopes D/H, 18C/ 2C, 1:0/150 are reported in terms of 6-values,
which are relative differences of the ratio from a reference material.
By definition

(R /Rstd - 1) x 1000 _per mille6x =
x

where Rx is the isotope ratio of the sample, Rstd is the isotope ratio of the
standard.

For D/H and 0/250, standard mean ocean water (SM0W) is the reference.28

In practice, V-SM0W (Vienna standar3 mean ocean water), an artificial sample
prepared and distributed by the IAEA is used. It has an isotopic composition
very close to average seawater.

The 18C/12C ratios are referred ultimately to a carbonate standard PDB
which is derived from the rostrum of Belemnitella americana from the Pee
Dee Formation of South Carolina, USA.

Tritium (8H)

Environmental tritium is measured in terms of tritium units (TU). By defin-
ition, one tritium unit is the ratio 1 tritium atom per 10 8 hydrogen atoms.
One TU is approximately 7.2 disintegrations per minute per litre of water
(dpmL-1).

Carbon-14

Carbon-14 is measured in terms of the percentage activity of modern carbon
(pmc). For laboratory calibrations

2"C activity modern carbon = 0.94 1"C activity
(NBS oxalic acid in 1950)

An activity of 100 pmc is close to the ' steady-state' activity of
and corresponds to 13.56 dpm g-1 of carbon.tropospheric C02

B-1
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APPENDIX C

LIST OF SYMBOLS

a Au + RC (equation (12))

A,, Af in.itial, final solution activity

b As + C (equation 13)

c 'As + ( (equation 14)

D rate of deposition

E. rate of surface' erosion-

F(0) uranium flux (Uranium Trend Model - J.N. Rosholt)

h,hyy, hyyyg heights above the zones I/II, II/III and III/IV
respectively (Section 3.2)

H depth of weathered host rock

I 2soTh

K adsorption coefficient
d

K adsorption coefficient of reference isotoped

L rate of leaching

Pa 2:1Pa

2a"Pb, 2osPb, 2"PbPb., Pbs, Pb7

R 23"U/23eU ratio of groundwater

Ra 22sRa

'R,, "R,_ level of 228Ra, 22"Ra at accessible sites

'R,q," R,q level of 22sRa, 22"Ra in aqueous solution

R retardation factord

R ,gj rate of leaching (or deposition) of radium - allogenicg
component

"R level of 22"Ra at inaccessible sitesj

Su, Si, Sp 2s"U/ 3sU, 23cTh/23"U, 231Pa/23s02

-

t elapsed time

t initial time -

o ,

C-1~

. _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ -



t time at which uranium first has access to groundwater
g

T annual rate of uranium transport per cubic metre of
vertical core

(2 aoth /23*g)0 activity ratio at time to, i.e. imediately before
the passage of the zone front

U uranium level

U, Us, Us 23'U, 2ssU, 23eU

23"U(x),288U(x)' observed level of n, 238U in groundwater at a2su

distance x from the deposit

2s"U ,288U2 level of 23"U, 2380 in component 2 of the groundwater2

(2360/ 38U)0
activity ratio at time to, i.e. immediately before2

the passage of the zone front

V groundwater flow velocity

V solution volume (Section 7.2)

V solute velocity
c

V interstitial fluid velocity
$

w weight of soil

W rate of advance of the weathering front

A , As, As decay constants of 28"U, 235U, 2seu

A decay constant of 2soTh
$

A decay constant of 231Pa
p

Ao decay constant associated with the uranium flux F(0)
(Uranium Trend Model, J.N. Rosholt)

us, u7 rate of leaching of 23s0, 238U it, the vicinity of rock
fractures

( rate of leaching (+ve) or deposition (-ve)

C ratio us/u (equation (28))

C-2
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E l

!;~ E 23"U(o)/2ssV(o) (equation (46))

<N. ~ rate of leaching of Pb inLthe vicinity of rock
fractures

o K /K " (equation (18))
d d

ip idensity-
s

'9 porosity

9, . recoil parameter, i.e. -probability that an a recoil
daughter will-lodge in'an inaccessible site

4
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