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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 understandin
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 uraniun
series nuclides following the weathering of metamorphic host rocks,

(i1) the role of iron minerals in the retardation of uranium and thorium,
(111) the role of groundwater ~o0lloids 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




SUMMARY AND CONCLUSIONS

The aim of the investigation is to contribute to an understanding of the
scientific basis for the long-term prediction of the migration of desig-
nated radionuclides from proposed high-level radioactive waste repository
sites. A geochemical analogue approach is being used. Detailed studies
are being made of the groundwater induced redistribution of uranium serie¢
nuclides within and down-gradient of uranium ore bodies in the Alligator
kivers region of the Northern Territory of Australia. A unique feature
of uranium deposits is the presence of potentially measurable levels of
the transuranics **’Np, and “**Pu and the fission products "’Tc and

have developed over geological time.

Current Status
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(iv) Time dependence of radionuclide sorption coefficients.
Crucial to the attempt to assess the validity of laboratory data in
predicting the long-term 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 nistory, the mineralogy and the
radionuclide distr 'bution have been thoroughly characterized.

(b) Measurements have been made of the relative ratios
of the garent-dau?hter couples 2%2Th/228Ra, 230Th/226R,,
228Th/?%%Ra and %?7Th/??%Ra. 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 terms of the time dependence of distribution coefficients.

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

(v) Migration through eryetalline rocke. Work is under way to
{

assess the validity over geological time of the matrix-diffusion mechanism
of the migration of radionuclides through crystalline rocks.

Recommendations

Recommendation 1. Purther investigatione of the long-term ‘waneport of
uraniwn seriee nuclidee. Special attention should be paid to increasing
the understanding of phenomena relevant both to the uranium deposits and
to proposed HLWR sites. These include:

R the roles of colloids and of organic complexing agents
in the transport of actinides,

. the rcle 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.

Recommendation 2. Incorporation of transuranic and fiseion product
elementg into the ana . The value of the uranium deposits as HLWR
analogues will be great ¥ enhanced if it i¢ found possible to measure
levels of 2*"Np, 7%y, **Tc and 291,

vi




Recommendation 3. Application of the analogue to the transport of
radionuclidee doum-gradient 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 ?eologies.
the more direct the comparisons. If 2*’Np, ??°Pu, *°Tc and *?°I can be

studied in the deposits, and correlated with aspects of uranium s2ries
transport, relevant information may be transferred to the repository site.
Should thie prove poseible, the ultimate aim of the inveetigation will
have been achieved as a basie will have been developed for predicting

the long-term migration of eritical radionuclides away from HLWR sites.
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1. INTRODUCTION

The United States Nuclear Reguiatory Commission (NRC) has the responsi-
bility of determining whether the disposal of high-level radioactive
wastes (HLW) at selected geologic sites can be achieved without undue
risk to public health and safety, and has proposed a rule (10 CFR 60(11)
whicn 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 1C CFR 60 are
consistent with the Draft EPA Standard No. 19 have recently been dis-
cussed(2]; this standard applies to integrated releases over a period
of 10,000 years.

Birchard and Alexander '3 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
nepturium, 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.(4] Increasing confi-
dence in the long-term prediction of radionuclide transport will
develop with 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.(3] Uranium mineralization occurred about

2.05 x 10° years ago and it seems likely that conditions for
criticality were established scon after and were maintained for

a period between 10° and 5 x 10° years. During this time, the aver-
age thermal loading within the reactor zones was about 50 W m~? or
two to five times greater than that determined for reference waste
repositories. (6] Aqueous solutions circulating through the critical
z0ne were heated to temperatures batween 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 239py,  Distribution coefficients
for ruthenium and technetium deduced from Oklo data are 10 to 10* times
great?g]than those found from sorption studies on granite, argillite and
tuff.




In general, geochemical analogues need not be as comprehensive 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 spatial 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) Intrusivee.!7-1 The penetration of intrusives at known geological
times can provide useful analogues. Brookins and co-workers!7-8]
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
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 che contact zone. The distribution of U, Th,
rare eirth 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
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 dispoesal sites. Detailed studies of existing
disposa? 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, I11inois; and Barnwell, South
Carolinal3l),

(1i11) Hoet rock/groundwater systems. Host rock/groundwater systems
are geochemical analogues of aspects of the radionuclide
transport process, if criteria (a) and (b) are accepted.
Although the applicability of the analogue is limited, some
very important questions may be addressed. Krishnaswami et
alll0l recently investigated virtually every long-1ived
(half-1ife > 1 day) member of the 2%l and *?*2Th series in
groundwater samples from different hydrogeologic settings
in Connecticut. They concluded that sorption removes radium
and thorium from these groundwaters on a time-scale of 3 minutes



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-workers (11l studied the *?®Ra-*?®Th-??"Ra series in
orines 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) Uraniwm deposits. Uranium deposits comprise a range of isotopes
belonging te the 22°U, 2?°U an¢ ?°?Th series. In addition,
sufficient quantities of the transuranic elements 237Np and
239py, - and the fission products *°Tc and *?°1, are probably
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
choser for study for the following reasons :

(i) There arc 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 crystaliine 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 mathematical modelling of transport.

(iv) Groundwater intersects all deposits and not ocnly 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.

(v) Low levels of the transuranics 237Np and ??°Pu and the
fission products *?°1 and ®°Tc, which are relevant to the
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
ehaviour is like long-time behaviour by conducting
laboratory leaching experiments on weathered zone material.,

Task D. Conduct experiments to compare migration in zones
ere uranium is ir. 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 disequilibria at the Nabarlek deposit(12] and the Austatom
prospect(13], Analogous studies in the Koongarra deposit have also
been reported(14],

An account is given of progress since the presertation of the first
Annual Report!1®]l; in essence, it is a synthesis of much of the
material contained in the fifth, sixth and seventh Quarterly
Reports{17.18]  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
Reportil]), 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 ‘l[ The validity of the Alligator Rivers ore 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.

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 *ransport.

&s 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
::rms of the sample geochemistry which has evolved over geological

me.

kK The relationship between the sorption experiments and the matrix
composition,




2.2 Stage 1 - Development of the Geochemical Analogue

2.2.1 Geochemical modelling

A mathematical model has been develcped 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 Phase 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 ore 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

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.



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 timescaies accessible to

2307} /23%) and 22*U/?3%U 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 2891, "*1c and
possibly 2*7Np and 2%°Pu,

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 advcontages 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 234):236): 238 patios
measured in solution and on the substrate. The 2?°U distribution co-
efficient is used to monitor sorption; the corresponding ?°“U and #°°U
parameters reflect leaching.

2.4 Stage 3 - Application to Other Geologic Settings

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

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-radicactive 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 aiifquilibria to geochronology has
recently 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
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
must be applied.

An early attempt to develop an open system model of aragonitic mollusc
shells was made by Rosholt.[2] The development was made necessary by
the observation of an excess of ?*!Pa in some samples. It is assumed
(a) that the uranium is slowly assimilated by the shells over a rela-
tiveiy long period after deposition in marine sediments, and (b) that
all of the ?*'Pa and ?*°Th are authigenic and none are leached from
the shell. Analytical expressions for the ?*'Pa, 2?°Th, 23%U and
23%) in the shell sample are developed and rationalized with experi-
mental values by adjusting the 23“U/23® ratios associated with the
uranium flux R and the uranium leached from the sample R .. In a
later development of the model, Szabo and Rosholt(3] allowed for an
initial assimilation of uranium and subsequent weathering, leading

to the uptake of ?3°Th and ??'Pa as well as 23U,

Hi]le[4] 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[5), The aim of this model
is to date the deposition of alluvial, eclian, lacustrine and other
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.
Time t is measured from the commencement of the novement of water
through the system. The model is empirical in the sense that rigorous
mathematical equations based on established physical parameters are not
generated. Powever, a relationship is developed between (?*“U-2°%y)/
%y and (?°°U-2?°Th)/?%%U which defines the 'uranium trend iine’',
the product Ayt, and related parameters involving the isotopic decay
constants. A calibration from known deposits is required to separate
Ao from t and hence to determine the age of the deposit.
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3.2 Description of Model™

The principal features of the present open system model were outlined
in the first Annual Report.!®] 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 22°Th/?%"U ratios (Figure 3). Data from Ranger One, Jabiluka
One and Nabarlek show similar trends. Zone I exhibits large ?*°Th/?%“y
ratios due to the systematic leaching of uranium. Zone I generally
shows a 23°Th 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 thickness 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 rarameters :

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

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

; the activity ratio ?3“U/?%®U associated with leaching or
deposition.

If t and the heights hy, hyy, hyyy above the boundaries of the res-
pective zones I/II, II}III and I{}/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 hy/t, hyy/t or hyy/t.

In the calculation, it is necessary to define two independent sets
or initial conditions :

" (22*u/%2%U)qg, (**°Th/?%*U)q and (?3*Pa/??5U)y. The values
OF the activity ratios for zone I, say, are assumed to be
equal to those found in the upper region of zone [I. The
initial values for zones II and III are defined similarly.

. tg. The initial time t; is defined as the time of the
passage of the zone boundary. Thus for zone I, t, refers to
the time at which the boundary between zone I and II coincides
with the sample.

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

In the published version of the model ®! it was assumed that leaching or
deposition were linear functions of time. This arbitary restriction has
been removed in the development discussed below. Following Hillel4], 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 = Us(to) exp - (kg +£) t (1)

Us = Us(ty) exp - (As + &) t (2)
Hence

-dU,/dt = (A, + RE)U,-2gUs (3)

-dl/dt = A I-AUs (4)

-dPa/dt = ApPa AsUs (5)
where AgUs, AsUs, AiUs, 2;I and A Pa are activities of 2°°U, *°u, ?*"u,

230Th and 21pa respect1vely£ is the rate of leaching (+ve) or
deposition (-ve); R is the ?*“U/??®U ratio of the leachate (or of the
depositing material)i t is the elapsed time; and Ug(to), Us(to) are
the levels of 238U, 2?5y at the initial time, t (Section 3.2).

The following expressions are developed in Appendix A:

(a) Uranium-234
Su = Su(t,) exp (b-a)t + rpsy (exp(b-a)t - 1) (6)
(b)  Thorium-230
SixD = Si(t)) exp(a - A,)t + A, (1 - exp(a - 3,)8)/(2; - a)
+ 20 ((b - a) exp((a -2;)t + (a -2;) exp-(b - a)t + 3y - b)/
[(b-a)(a-2;)(b - x;) S(ty)] (7)

where D = 1 + ), (1 - exp ~(b-a)t)/(b-a) Su(to) .
12



(¢) Protactinium-231

A
Sp = Sp(to) exp (c-xpt) + E:%— (exp (c-xp)t -1) (8)
p
where Su = 23%y/23%y (9)
Si = 230TR 234y (10)
Sp = 333py 2asy (11)

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

a = A, *+RE (12)
b= Xg +& (13)
C= )s +§ (14)

3.4 Computational Methods

fhe computational techniques which were outlined in the first Annual Re-
port(6], require the following steps :

(1) Select an appropriate range of values for the variable parameters
£ and R, and the activity ratios Su(tgy), Si(tg) and Sp(iy) at zero
time.

(2) Calculate the values ?*“U/?%®y, 2°°Th/23%y and ?3'Pa/??°U and
compare them with the measured values.

(3) List those sets of parameters in which all observed and calcu-
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/hIII (Figure 4), shoul” bLe approximately constant.

Data from Jabiluka One, Ranger One and Nabarlek have been recomputed and
the values listed in Tables 2 t. oa.

Sengitivity Analysie

One of the advantages of developing full analytical expressions for the
activity ratios is that the sensitivity of the Computer values to the
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variable parameters can be readily assessed. An extreme example of the
importance of a seasitivity analysis is shown .n Figure 5. In this in-
stance, the activity ratios ?*°Th/?3*U, #?!Pa/?°°U and ?3“U/?%®U are
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 ?3°Th/?3%U is
observed at moderate values of £. The uncertainties in the estimates of
the parameters are listed in Tables 2 to 6. Theg represent the range of
values corresponding to a 10 per cent change in *3°Th/?%“U,

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 ~ones
is generaily consistent with the description of the soil profile descrip-
tion for core S1/146 (Table 7).

3.5.2 Dominance of the uranium flux in the vertical profile

A common feature of ail the uranium deposits studied is the large excess
of 2?°Th, Values of #?°Th/?®“U greater than 2 are frequently observed.
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, in which case there would be secondary accumulation with a
significant excess of 2?*U.

Secondary surface accumulations have in fact been observed dewn-gradient
of the Nabarlek ore body. However, since the samples shew 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 1eaching and deposition
has been obtained from the consistent trend of ?*°Th/?®*U activity
ratios from three deposits (Fi?ure 3). Confirmation has recently been
obtained from studies of the 2°°Th/2°"“U and 2°“U/?*®U activity ratios
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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 mirerals from which they are de-
rived are less accessible to leaching and deposition processes. In
the upper zone I, there is an excess of 23°Th; ?*°Th/?*“U ratios
vary from 1.4 to 4.7. In the zone of deposition, zone II, %?*°Th 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 cbservations
at a specific site over a relatively restricted period (<500,000 y)
cannot necessarily be generalized over geolegical 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 Model [°]

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 specific soil hori-
zons, a uranium trend line is obtained by plotting (*“U-?3"“y)/23%y
against (?%°U-2%°Th)/?%%U, Specitic expressions have been obtained for
these ratios in terms of

. the decay constants of 2%®U, 23"y and 2?°Th,

. the elapsed time t, and

. the decay constant )Xo,
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 cormon with the
uranium trend model and may be correlated with it.

(a) The parameters (?°“U-27%U)/?%%U and (2°%U-2?°Th)/2%%y which de-

fine the trend line are equivalent to (Su(l) and (1-Si) (equatic s (9)
and (10)) respectively.
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4. APPLICATION OF THE OPEN SYSTEM MODEL TO THE NABARLEK

DEPOSIT
4.1  Geology - Brief Description

Hegge et al.™) have provided a brief description of the geology of the
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 vhere
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 Oenpelli dolerite sill which locally is about 200 m thick. A
generalized geological cross sectionll] is shown in the insert of Figure 6.

The principal aquifers are within the fracture zones of the relatively
impermeable 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
enerally towards the east and is controlled largely by the topography.
iﬁe direction changes towards the south-west during the wet season, and
is possibly determined 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 2?“U/2°®U, “*°Th/2®“U and ??°Ra/**°Th
ratios. The data are listed in Table 8, Figure 3 indicates the variation
of 23°Th/2%%y ratio with depth; the analogous relationship for Ranger
One and Jabiluka One deposits is shown as an insert (see Figure 22 of

Ref. 2). A large surface excess of thorium overlays a zone of depietion.
The activity ratio rises in the transition region between the weathered
and unoxidized host rock. From this, it is clear that the four-zone

mode! developed for Ranger One and Jabiluka One can be applied to the
Nabarlek ore body.




BOUNDARY CONDITIONS FOR THE FOUR-ZONE MODEL (NABARLEK)

egth to

one 2347238\ | 7220 234t omme

Zone Interface (***v/ U)0 (#2°Thy U)0 . ”
(m)

Il 1.7+0,1 1.0 0.7 Zone of leaching; corre-
lates with unsaturated
zone,

II| 10¢1 1.0 1.0 Zone of deposition;

correlates with saturated
zone in weathered zone,

111 * 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 to.[2]
* The zone interface cannot be located from the 2°°Th/2%“U ratios.

A schematic representation of the four-zone moael is shown in Figure 4,
The interpretation of the zero time t,, the method for calculating E, the
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-
iiig in the upper zone and depositicn 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

(11) 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 satureced weathered

region; and zone III is a transition region between the fully weathered
schists and the underlying fractured rock (zone IV).
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4.2.2 Uranium migration, vertical component

As with the Ranger and Jabiluka ore bodies, the
far exceeds the horizontal component induced
Quantitative estimates are inevitably crude b
ore body of the geochemical analogue of a was
from drill holes 52, 71 and 91 which intersec
The results are listed in Table 9.
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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 1s due pi.n pally to erosion.
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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 : DH3 - 11.0m, 11.3 m, 14.0 m, 20.1 m, 29.6 m, 70.5 m
DH 16 -4.0m, 8.2 m, 13.1m, 19.5m, 45.1 m, 54,6 m
Ranger One : S1/146 - 2.7 m, 4.0 m, 9.1 m, 13.1m, 14.6 m, 21.0 m

The S1/146 2.7 m, 4.0 my, 9.1 m, 13.1 m samples were also separated into

<2 um and >2 um sized fractions. Diffraction patterns of the >2 um fraction
were obtained for all four samples and the 2 <m fraction for the 2.7 m and
the 13.1 m sample was also analysed. The samples were run from 2-75° 20,
using CoKa radiation.

The <2 umn fractions for the untreated samples were collected by sedimenta-
tion, according to Stokes' law, following ultrasonic dispersion whicn
minimized alteration of the samp’es. Sedimented aggregates were prepared
by filtering onto a ceramic tile or evaporating onto a glass slide.
Magnesium (Mg) and potassium (K) saturated aggregites were prepared. The
Mg saturated aggregates were run dry (Mg(air dryS) and wet (Mg(wet)), or
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. A1l K samples were analysed by XRD between each heating sequence.

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

5.4 Results and Discussion

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 r:flection corresponds to the 201 reflection of mica; the

1.45 am ref.ection corresponds to the 001 reflection of chiorite, smectite
nr vermiculite; and the 0.72 nm reflection corresponds to the 002 of

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 di:tinguished from chlorite or vermiculite by its swelling
property when wet or when treated with organic solvents. The swelling of
part of the 1.4 nm peak to 1.87 nm in the Mg(wet) diffraction pattern and
1.78 nm in the Mg(glycerol) diffraction pattern of sample DH 16 - 4.0 m
indicates the presence of smectite. Smectite will also collapse, giving

a 1.0 nm spacing, when the K saturated aggregate is heated. The presence
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 the
K(120°) diffraction pattern relative to the K(air dry) diffractior
pattern.
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when saturated with K and air dried, vermiculites are distinguished from
the other 1.4 nm minerals hy the fact that they collapse, giving a 1.0 nm
spacing. Comparison of the K(aii dry) with the Mg(air dry) diffraction
pattern of sample DH 4 - 16.0 m shows a small amount of co’lapse 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 sedi.ented 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 thcerefore chlorite
and mica.

The Mg(wet), Mg(air dry), K(wet), K(air dry) and K(120°C) diffracticn
patterns show charges 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. (9]

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 previousiy observed by petro-
logical techniques(10) the three major components are guartz, 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
chlorite are dioc&ahedra1; (The cations in the octahedral sheets are 3+
jons, such as A1®" or Fe®”, so only two thirds of the octahedral cation
sites are filled to achicve charge balance.) Sample DH 3 - 29.6 m can
therefore be denoted as

quartz/chlorite IIb/muscovite 2M1
(dioctahedral)

Also shown in Figure 12 are the diffraction patterns for samples DH 3 -
70.5 m and OH 16 - 19.5 m. These samples differ from the others, they
cantain 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.)
The chlorite may be due to the alteration of biotite (a trioctahedral
mica) or some other Mg2* or Fe?* rich mineral.

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 um sedimented aggregate diffraction patterns. This is a much more
sensitive technigue than the use of whole sample random powder for
several reasons:
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Interference from quartz and clay mineral reflections is

reduced owing to the low levels of gquartz in the <2 um

fraction and the reduced intensity of the hkl reflections of the
clay minerals.

Tre 110 reflection of goethite is intensified by the orientation
effect.

Goethite is decomposed at 200-300°C whereas other mirerals in
these samples are unaitered in that range of tamperatures. 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 tne percentage

quartz and the mineralogy of the <2 um fraction. A quantitative description
is not feasible due to the effects of orientation and isomo: phous replacement
on intensities. The values given for the clay mineralogy are percentages of
the total intensity for each material. Although not necessarily the same

a: the actual percentages of materials in the sample, these values are a
very useful illustration of mineralogical trends.

Tables 10 and 11 give the results for the Jebiluka One samples. The
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 [+ 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, vermiculite) are major constituents of the
<2 um fraction only above 10 m. However, even for the shallowest sample
(DH 6 - 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 2M; muscovite. The weathering

is deeper and much more intense. Retween 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 Eupe-e et al. (31l It can be seen that the profile
is lateritic, and thet 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 wili be
present in solution.(12] This ferrous ion is transported upwards to the
ferruginous zone (2.7 m) where it oxidizes and is precipitated to form




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

The presence of goethite (FeOOH) 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 relcase of iron during the
weathering of the chlorite and micall3] 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(U0;),(P0,),
8-10H,0] and metatorbernite (Cu(U0;),(PO,)28-10H,0] in the pallid zone, and
sklodowskite [Mg(U0,),(S10;)2(0H),6H,C] in the mottled zone of some profiles
in this region(11], 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

6.1 Introduction

As noted in Section 2, the principal aim of this project is to establish

the validity of combining laboratory adsorption and hydrolog1cal 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, (1]

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/ieaching experiments can be used to predict long-term trans-
port in the geo'ogical settings being considered for high-level waste
repositories.

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

(a) Soluble salts and exchangeable ions. The sample is extructed
with unbuffered 0.1 M NH,Cl (2g+ 80 mL) at ambient temperature
for 24 hours with continuous agitation,(2,3]

(b) Amorphous minerals and ferrihydrite. Th. residue from (a) is
extracted with Tamm's acid oxalatel4,51(2 g + 80 mL) at ambient
temperature in the dark for four hours.

(c) Crystalline iron minerals. The residue from (b) is extracted
tiice, for half an hour in each case, at 80°C with citrate- 2
« -hionite-bicarbonate solution using continuous agitation.[ ]
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(d) Residual amcrphous inorganic materials, aluminous interlayers,
allophane and imogolite. Tne residue from (c) is shaken with 5%
Na,C0, (?7? + 80 mL) solution at ambient temperature for 16
hours, (7,8

(e) Resistant minerals including clay minerals, quartz, anatase and
zircon. The residue from (d) 7s 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 um 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 2°%U or 232y and
228Th are aaaed and solutions made up to 100 ml with NH,C1 solution.

In the case of the Na,C0O; extraction, 20 mL o acetone is added before
centrifugation to flocculate peptized clays; the supernatant is then
filtered through a Whatman No. 542 paper filter. Tracer: are added and
the solution made up to volume.

The residue from the Naicoa extraction is dried at 105°C and counted for
22%Ra (by emanation of ???Rn to isotopic equilibrium) after standing for
20 days. It is then digested in a sequence of nitric, nydrofluoric and
perchloric acids and, upon evaporation to dryness, dissolved in 9 M HC1,
This solution is centrifuged to separate any silicious residue, the
residue washed thoroughly with more 9 M HC1 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 1 g of Na,0, in a platinum
crucible. The cooled melt is dissolved in 9 M HC1 and made up to volume.

6.3 Verification of the Sequential Extraction Procedure

The sequential extraction procedure (Section 5.2) is designed to dis-
tinguish various classes of soil and rock and to investigate the
association of the ?°U decay series radionuclides with each of these
classes. 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 oxalatello], and
illite may also be susceptible to this reagent. None of these minerals
were observed in the diffraction patterns of the four core samples.

Tamm's acid oxalate (TAQ) reagent also extracts organic complexes of Fe
and A!,[11,12] The organic carbon contents, determined by the Mc.leod's
method!13], were 2.7 m - 0.08%, 4.0 m - 0.03%, and 9.1 m - 0.03%.

(c) Magnetice (Fe;0,) and maghemite (F,0,) may be partially dissolved
by TAO.[14,15] Chac and Zhou(16] recently determined tiat up to 20%
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of the magnetite in a synthetic sample will be dissolved after four hours'
treatment with TAO. 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 Tamm'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 t'sed to investigate the effect of the TAO
and the citrate-dithionite-bicarbonate (CDB) extractions on the solids.
The random powder diffraction patterns of samples treated by TAO and the
cDB we;e compared with those of the untreated samples; the results are
as follows:

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

(ii) In the CD3 treated sample diffraction patterns, the iron
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 i3.1 m sample lost the goethite 110
reflection 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 TAO 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 TAO extract-
jon, whereas the CDB extraction, although it did not affect the quartz and
clay minerals, resulted i.. the complete loss of the goethite reflection,
as expected. This is confirmed by the colour of the samples. The 2.7 m
sample is red owing tc the presence of hematite, whereas the 13.1 m

sample is yellow, indicating the presence of goeth:te. The 4.0 m and

9.1 m samples are white, being subsamples from the pallid zone. The TAO
extraction did not afiect 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.
Details 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 extractec phases

The distributions of 2°%U, 2“U and ?3°Th in the five extractants are
listed in Tables 14-17. The variation of 2°“U/?3%%U and 2%°Th/23%y
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 %°%U and the 23“u/23%8y
activity ratios in three duplicated extractions from two samples are in
goud 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 NH.C1). The ?*“U/??®J 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 #3%U/%%%y activity ratio varies substantially between different
extracts. This is due to the net effect of a number of factors,
including

. the initial activity ratio,

é recoil,

. decay, and

leaching or deposition.

The greatest isotopic fractionation is found in the 13.1 m cample which
may be described, in broad terms, as weathered rock, The process of
weathering involves the decomposition of chlorite and muscovite which
forms 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 ?*“U in the clay/quartz may be
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due to the recoil effects discussed below. By contrast, the ?*“U/?®®y
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-workers (1] 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
234 It should however be pointed out that the sample at 4.0 m is
slightly enriched.

Recoil. Following a recoil event, the ??“U is ejected an average distance
of about 20 nm.(17] 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 ?*“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
2347238y 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 “*“U. An explanation for the high activity ratios in the 13.1m
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
230Th/23%y 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 conseguence of net uraniu. deposition in the pallid zone (Figure 16).
The 23°Th/?**U ratios vary by more than a factor of ten.

By contrast, the 23°Th/?*®U activity ratios in the crystalline iron
phase show 1ittle variability. The average value for the four samples
is 2.45¢0,7. The 2*°Th/?%“U activity ratios are slightly more constant
(2.3:0.4). 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 ?°°Th (75,200 y). Hence, at
least over these time-scales, crystalline iron phases must be labile,
It is generally accepted that ign? from groundwater do not readily
exchange with crystallire iron, '}
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6.5.3 Radium

The radium datz for core S1/146 are licted in Table 20. A notably larger
fraction of ??°Ra is in the clay/quar.. phase than uranium. More signifi-
cantly, the ??°Ra is in excess of the parent 23°Th, Apart from the 13.1 m
sample, the excesses are not large and can rexdily be explained in terms of
either recoil effects or preferential isomorphous substitution into the
clay lattice. As with ?**U, recoil ?2°Ra lodges in the clay/quartz phase.

6.6 Relevance of the Studies to the Long-term Prediction of Radio-
nucTide 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
eitu by radioactive decay or released by the weathering process. However,

a number of factors are relevant:

(i) As previous’y reportedllel, e idonce 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 am>rphous and crystalline
iron phases are exchangeable, at least over times commensurate
with the half-life of “*°Th, there is a mechanism for the
long-term retardation of radionuciide transport:

M(solution) —= M-Fe(amorphous) ——> M-Fe(crystalline
largely inaccessible
to groundwater)

(i1) Some radionuclides of particular relevance to HLW repository
siting (e.g. *?°Ra) 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 inaccess:ble to the groundwater. Evidence
for groundwater inaccessibilitv is provided by the large
differences between ?*“U/??®U ratios in the solid and aqueous
phases.
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7. ADSORPTION-LEACHING EXPERIMENTS

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 distribution of
2r;?ium series nuclides over chemically separate mineral phases (Section

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 with a 2*®U tracer
The composition was obtained by a statistical analysis of more than 100
data points for each of the significant solute species k*, Ca?*, Mg2*,
HCO;~, SO.2~ and Si0, from borewater in the vicinity of the Ranger One ore
body. Early problems with solution stability were overcome by slightly
zdjusting the water composition to avoid the supersaturation predicted

?y %heZHATEQ water equilibrium program{1]; the components are listed in
able 21.

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
ppm H,0;. The hydrogen peroxide was added at the start of the experiment
to ensure that all labile (solute, colloidal and surface) iron was in the

Fe(II11) 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,*, vo,04*, U0,Si(0H).*
U0,€0,°;

(b) pH 5.5 reducing U(OH).°, U(OH)."

(C) pH 8.5 oxidizing (U02)3(0H)5*, UO;(C03)3~-
(U0,) (CO;);z-; and

(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 cxperiments 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
- 55 ”‘U! an isotope not found in nature is added to the aqueous phase
and the ***U:2°°Y:23%y ratios measured both in solution and on the sub-
strate. The ?’°U distribution coefficient monitors sorption; the
corresponding ?**U and **®U parameters reflect desorption. Eventually
the distribution of ?°®U between the chemically separable phases of the
ore will be studied and the results compared with those of 2*“U and 2%%y,

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 um 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 anion
resin in the NO; form to remove thorium, evaporated to dryness, anu
electrodeposited onto a stainless steel planchette from an ammonium
nitrate-formic acid solution. The uranium isotopes are assayed by a-
spectrometry.

uranium adsorbed per unit weight of adsorbate to the weight of dissolved
uranium per .nit volume of solution after adsorption equilibrium has
been attained. Assuming a linear isotherm, the adsorption coefficient

The adsorption coefficient K? is defined as the ratio of the weight of
Y
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for a particular system is constant. Since the mass of "YW N
negligible,

Kg = (Ag-Ag)V/Agw (mLg™")
where A, is the initial total solution activity{ AS is the final total
m.),

solution activity, V is the volume of solution 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 grincing them with a tungsten
carbide rotary grinder. Initially it was intended that each experiment
would last 365 days with 10 samples collectad in equal steps across the
logaramithic scale 1 to 100.

The aqueous phase was made oxidizing and adjusted to pH 5.5. The ?*%U
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°¢U and 23U, 2?®U data. This is llus-
trated by at least two results:

(1) The calculated distribution coefficient K4 varies by more
than an order of magnitude.

(2) Even though 2'“U and *°U are leached into the solution
from the ore sample, the levels in the aqueous phase are
substantially greater tha. those of the added ey,

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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(1) The linear coefficients of desorption of 2*®*U based on
the total uranium contint of the material are considerably
greater than the corrusponding adsorption coefficient of

U, If the adsorption and desorption coefficients were

intrinsically equal, differences between the two uranium
isotopes would refiect the fact that much of the 2%%U is
inaccessible to the groundwater. Under oxidizing conditions,
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 (24.4%, 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.

(11) Under reducing conditions, the Kq factors increase because
of the formation of the less soluble U(IV) species. A
corresponding decrease is observed in the Ky s"‘u)/Kd (23%%)
ratio, possibly indicating that, relative to “*°U, a greater
proportion 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 Titerature. At pH 6, Borovec(3] found that with respect to UO,*,
clay minerals have values ranging from 50 for kaolinite to 10’ for
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 (Kg v 10*), Fe(II1) oxyhydroxides (10°) amorphous Ti(OH),
(10°-10°), peat (10“-10°), 'limonite’ (10*) and fine-grained nasural
goethite (10%), have been measured, usually with respect tc U0,*, (3-6]
Giblin (41, however, found a Ky (max.) of 3.5 x 10* for a sample of
kaolinite exposcd to a syntheg1c groundwater containing extremely high
levels of sulphate. The kaolinite had not been washed with tartaric
acid or 1}5 equivalent to remove amorphous iron and alumina. The work
of Muto!>) is open to similar criticism.

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.,

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 HCO, /CO, 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 Al1-OH and Fe-Ok groups,(7] 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 1ightly 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.

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 geolugical strata. The most significant sgecies.
according to criterion of prak annual dose, are 237Np 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, ?2%Ra grows
to appreciable levels within 1000 xears after discharge from the reactor.
An analogous effect is noted for **’Np from seent fuel, since the isotope
is a product of a-uecay from ?“°Cu through *“'Pu and 24iam,  Since plu-
tonfum is removed during reprocessing, the level of “37Np in high-level
waste is constant. The curves in Figure 17 do not, of course, relate
directly to the variation of “?°Ra and *'’Np 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.[(1] Briefly, ?°Th is separated from its daughter groducts.
particularly ??*Ra. Aliquots of 228Tn and the reference isotope ‘?°Ra

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

861 s adsorbed.
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B{ definition, the adsorption coefficient Kdr of the reference isotope
22%Ra is given by :
r . 6p ;6
Kd R./ R‘q . (15)
where °R, and °Raq are the levels of 22°Ra on 'accessible' surface sites
and in aqueous so?ution respectively. The *“®Th daughter *?“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, —n "Ra (+ “Ri) . (16)

TR

(aqueous) (accessible) (inaccessible, i.e. not in equilibrium
with 'Raq)

By definition, the empirical adsorption coefficient

- B 4 .
Kd ( Ra + Ri)/ Raq (17)
The aim of the experiment is to determine the ratio o of the adsorption
coefficients, :
r
p = Kd/Kd " (18)

Experimental results are presented in Table Z4. In each of the dilute
clay suspensions, recoil increased adsorption factors by about a factor
of two.

7.4.2.1 Recoil parameter Oa

As was pointed out in the first Annual Report quantitative interpreation of
the leaching experiments requires an estimate of the probability @, 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 @, and o (equation 18). This treatment is & slight
extension of that set out in the first Annual Report.

9, - hna/“n(sol1d) (19)
whera “R(total) = "R1 + a‘ . (20)

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

“R “R
1 a a
e 1+ (z5=) (7 , (21)
,: (.‘aq) -u;ﬂd
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Since, Ky = (“R‘ + "Ri)/"R‘q (22)

¥ s 6R /6 =

and K, R,/ R.q "R‘/“R.q (23)

it folloss from equations (21), (22) and (23), that

r
K
1 d 1

" i B  1+=2x 24
s KyKy" > -

whence R (1/p)

From Table 24, p = 2, and h2nce 'a = 4.
From these experiments, chere appears to be about a 50% probability that

radium forimed 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 238/23%Th on the
montmoriilinite, kaolinite, il11ite suspensions discussed above. When
equlibrated 2°°U/?*“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 2*“Th in the aqueous phase without treatment and
follcwing the addition of HC1 to mak< 0.1 M solution.

Ihe a#ded 2*“Th in all probability will not exist in solution because of
its im.ediate total adsorption by the clay, but the fraction that will
eventuc!ly appear in the 1iquid phase will be the recoiled 234Th from
the 2°*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 2“Th in solution should vary with time in a predictable munner.

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 ' “und experimentally that uranium o particles can
be distinguished from ?*“Th/?*“Pa g particles by appropriately setting
the discriminators.
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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 principally through major fractures. In addition,
diffusion into the bulk rock occurs via microscopic fractures. Solute
transport is further complicated b{ ghysica] and chemical interactions
with accessible surface minerals.l1+2]"  This process, known as matrix
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)?

(i1) What are the time-scales associated with the diffusion
of water into the bulk rock via microscopic cracks
and fissures?

(111) 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;
N the relative rates of leaching or deposition; and

’ the relative decay constants.
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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,

-d%u/dt = A°U +usiU . (25)
On integration,

u(t) = *u(t) exp (-(Astus)(t - t)) , (26)

where sU(t.r) is the uranium level at time t,, when the uranium first had
access to leaching water, By analogy,

Wt) = “u(t) exp (~(hetva)(t - t))) . (27)

Hence the isotope ratio

U(t,) exp-rs (t-t))
TTE) exp-iy (t-t) exp = (vs=ve){tet,) )

= Rpq ©XP (=vs(1 = vg/vs)(t-t ))
= Rgpq &P (=vs £ (tot,) (29)
= “std (leaching)g > (30)

where vg/vs = 1 = £ (the isotope effect), and the 'leaching' (equation
(30)) parameter is the fraction of remaining uranium, R? 4 is the
expected isotope ratio in the absence of leaching, and %eachinq' is
the cumulative extent of ’°U leaching.

Tabulated values of the parameter R/Rstd (equation 30) are listed below:

Leachinq(') C(b) (pei(22::ZL
0.9 0.006 - 0.6
0.5 0.006 - 4.2
0.1 0,006 -13.7
|

(a) fraction of uranium remaining;
(o) £~ [538)! - 1 = 0.008,
(¢) ((“/Rstd)'l} x 100 per mille,

The value chosen for the parameter £, and hence for the calculated ratio
'/'std' is a maximum,
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8.2.3A load[lead‘ leadéuranium isotope method for studying leaching
gver geologica’ time

Basic Equations

The treatment is based on the following assumptions:
(1) A zero point ty (associated either with the formation of
the deposit, or a later metamorphic event) may be relatively
well-defined.
(i1) The leaching process commences some time later, at time t,

(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:
-dUg/dt = Agls + VUs (31)
Pbg/dt L A.Ug - ﬂpb‘ (32)

where Uy = 2%y, Pbe = 2°pp,

Ag = ?2'%Y decay constant,

v = vrate of uranium leaching, and

m = rate of lead leaching.

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

Period of No Leaching t, = t,

From equations (31) and (32) it can be shown that when v = 0 and n = o,
Pb.(tu) et Pb‘(to) +

Aouo(to)

+
ﬂ-V-A.

[l - exp = Ag (t" - to)] (33)

where Pbe(t ) and U.(to) are the lead and uranium levels at time t_, They
reflect chafiges in the’primordial levels up to t due to radiogenif decay
and mobilization of the uranium,

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

Pbu(t,) = Pbu(t,) . (34)

For 230y, U.(tw) - U.(to) exp = x.(tw-to) . (35)
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w

When appreciable leaching occurs, the solutions of equations (31) and (32)
take the form,

Pbe(t) = Phe(t,) exp - n(t-t) -

'eUa(tw‘ [ X _ |
- exp - (t-tw) - exp - (Ag+v)(t - tw)J . (36)

L
Since Pb., is not formed through the decay chain, but undergces leachirg,

Pb(t) = Pbb(tw) exp - "(L-tw) . (37)

Combined Period t =~ t
The variation of ~ ' Pb and 2°“pb over the complete time interval (t - to)
(Figure 19) is found by substituting equations (33) and (35) into (36)
and equation (34) into (37).

The results are:

() = ( 'a - mn(t-t Ty Vel - n(t-t ) -
Pbe(t) = (Pbs(t ) exp (t-t)) * oty Vel(ty) exp - m(t-t )
- '7"’—"-_45 —Y":( ] D - Aglt- - '/ o (ﬂ;
Gy Velty) exp = Aa(t-t)) exp - vit-t ) . (23)
Pb.(t) = Pb.(t ) exp - "(t-tw) . (39)

’

From equations (38) and (39),

Pbe(t) . Pbg(to) e > Ug (to)
Pba (t) Pbu(ty) ~  Tm-v-is) Phu(t))

_ A Us(to) exp - Ae{
m(

M=Velg Pb.(tc) exp - v ~
. Pbg(to) | P T gﬁi%ng e ol Ug(t)
Pm?to, 1-(n-v)/As Pb, t, 1-(n-v)/is Pby(t

(41)

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

slope 1/1=(m=v)/As (42)
. Pbel(ta) Uglt
intercept ~—%%Jﬁ»- slope —1&T317 " (43)
Pb. to Pb, to
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Rate of Leaching

Eguations exactly analogous to (33) to (41) can be written for the 2%y »
207pp system:

slope = 1/1=(m=v)/As (44)

intercept = %%1§£ﬂ} -»(slope)ggi%“ly (45)
bto I.to

From a2quations (42) and (44) it is possible to calculate independent values
of = and v. The values are the weighted average of the rate of leaching
which has occurred since time t.

Complicaticns can arise due to the leaching or depesition of uranium series
intermediates. For instance, evidence of excess radium is gresented in
Table 25. Radium-226 will, of course, ultimatelx decay to ‘°®Pb, Mathe-
matically, the effect of radium excess on the 2°®U/2°®ph ratios is to
decrease the apparent *?°®U decay constant; the net leaching of an inter-
mediate nuclide leads to an apparent increase in the decay constant.

8.3 Preliminary Results

8.3.1 Geological setting

An att~: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 fauit. 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 sameles are shown
in Table 25. Samples are assayed for uranium, thorium, ?2®Ra/2%%y, 2%%y/
238 and ?*°Th/?%*U activity ratios at the Lucas Heights Research Labora-
tories.

8.3.2 23%yy2%y, 22°Th/?°“y and ***Ra/??°Th activity ratios

The activity ratios are listed in Table 25. The most outstanding features
of the data are the large ??®Ra/??°®U disequilibria. The magnitude of the



disequilibria varies inversely with the total uranium concentration. It
would appear that some uranium is leachel 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 23°Th/23% data are much less variable. Only three cf the nine samples have
activity ratios that differ significantly from uaity at the 20 level. In
all but one case, the 2**U is in secular equilii.ium with 23%U, 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 2°5Pb/2°“Pb, 2°7Pb/2°“Pb, 2°°U/2°“Pb and %°°U/?3°U ratios
are under way 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.

9.1.1 Tritium
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.

9.1.2 Carbon isotopes

The *3C/'2C ratios and the carbon-14 levels are interpreted as groundwater
ages in accordance with the system model of Salem and co-workers. [4

The age patterns of groups of wells, such as OB13, 0B2C, OB25, 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 significarce 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 22“U/?°®U isotope ratio increases with decreasing uranium
concentration. Figure 20 should be compared with Figure 10 of the first
Annual Report, (1]

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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and 2%*U/2%%y ratios close to unity, is the groundwater-intersecting
deposit; component 2, with a low uranium concentration and high ***U/?*®U,
represents local infiltrating rainfall. If the fraction of component 2

is assumed to be proportional to the distance down-gradient of the deposit,
it can be shown that

23%y(x)/2%%(x) = &+ (**°U, - 2%, £)/77%U(x) , (46)

where 23*U(x), 2?®U(x) are the concentrations of the uranium isotopes at
distance (x) from the deposit, ***U,, ??°U, are the concentrations in
component 2 of the groundwater, and £ ~ 2**U(0)/??°U(0).

The variation of 23*U(x)/%*%U(x) with the reciprocal of the uranium concen-
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 ug L=*) is interpreted as **“U, - £ ??*U,, where

£ = 0.9. The most distant sampling well TB40 appears to be anomalous.
There is insufficient detailed information to offer an explanation.

Levels of 22°Th were also measured (see Table 27). There is evidence that
a substantial fraction of this radionuclide is associated with particulates
(Section 10).

9.2 Koongarra

The groundwater hydrology of the area of the Koongarra deposits (Figure 1)
has been studied extensively by Austraiian Groundwater Consultants and
McMahon, Burgess and Yeates.[3] Their data, interpreted by Snellingl4],
are shown schematically in Figure 22B. The groundwater is believed to
recharge along a major fault line and to flow in a generally southerly
direction away from the escarpment. The location of the sampling wells is
shown in Figure 22A; the isotope data are listed in Table 28.

9.2.1 Tritium
Analysis of environmental tritium has shown that modern water is a sig-

nificant component of water in wells 94 and KTD 1.

9.2.2 Carbon isotopes

The carbon isotope data listed in Table ?8 are interpreted as groundwater
ages, using the procedures of Salem et al.[l] Wells with appreciable
levels of environmental tritium also have in excess of 100% modern '“C.

The data are generally consistent with the concepts published by Snelling.[4]
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 residence
time of the water reflects the depth., PH 7, which taps water from the
weathered zone, is modern, and there is possibly a substantial component

of local infiltration in this sample., The *“C level in PH 49 is consistent



with the notion that the water is derived by infiltration through the sand-
stone sequence in the vicinity of the fault zone at a depth greater than
that of KD 1. Samples from wells PH 55 and PH 94 further down-gradient
appear to contain significant amounts of local recharge. As yet, no comment
can be made on PH 7. The *“C value is anomalous and has been resampled.

9.2.3 Deuterium/hydrogen

The deuterium/hydrogen ratios are listed in Table 28. As was the case for
Nabarlek, there is a tendency 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 ?*“U/?%%U ratios with
uranium concentration (Figure 23). This is contrary to the findings
down-gradient of Ranger One and Nabarlek (Section 4,2.2). Groundwater
uranium is dominated by solution from the deposit and is 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 sampies (PH 14 and KTD 1) have relatively high thorium/uranium ratios
(> 0.5); the remainder are low (< 0.06). There appears to be no corre-
lation with uranium concentration and groundwater age, a correlation which
might be likely if the actinides are dissolved in the groundwater and the
rate of transport is controlled by adsorption coefficients. The 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
transmissibilities, reservoir capacities and aquifer recharge were ail
extremely low".[5] [t 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., Tkis sample
is probably unrepresentative of the groundwater. As yet, there are
insufficient data to make further comment,

9.4 Uranium Retardation Down-gradient of the Ranger Deposit

The 22*u/?%%y activity ratios in groundwater close to the Ranger One
deposit have values near unity. They increase with distance up to 4 km
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dovn-gradient, due to mixing with a dispersed infiltrating groundwater
characterized by large #**y excess. Further down-gradient there is no
environmental isotope evidence tor local recharge. The ?*“U/??%U activity
retios return to secular equilibrium due to a combination of radiogenic
decay and the possibility of exchange with the host rock. Assuming that
decay is the major process, the maximum relative retardaticn of the ground-
water relative to the host rock is 1/250. Groundwater velocities were
calculated from *“C.

Qualitatively similar behaviour has recently been found in groundwater
sampled from the Carizzo aquifer in Texas: 'At distances from 0 to about
20 km, where the Carizzo is cxidizing and uranium dissolution is occurring,
23%y/238y activity ratio (AR) values of 1.0+0.3 are found. Between 20 and
33 km, uranium concentrations drop dramatically and AR values as nigh as

9 occur. Below abou: 33 km, low dissolved uranium persists. accompanied

by a regular decrease in the AR towards a secular equilibrium value of

1., 1617 A schematic representation of this behaviour is shown as an insert
to Figure 15 of reference 1, reproduced as Figure 25.

Pearsoni®) pointed out that
= i = 1-
. e A *—ar2 pg Kg (47)

where Ry is the retardation factor, V; is the interstitial fluid velocity,
V. the solute velocity, @ the porosity of the sandstone, p. the density,
and K4 the adsorption coefficient. The systematic decreasg in the 23%y/
238y activity ratios between 20 and 33 km is best explained with a K4
factor of 6, and a relative retardation factor of 30. The K4 factor is
within the range of values calculated for particulate material collected
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
sequences and the upper weathcred zone. It is thus not possible to define
acceptable values for @ and K? separately. Equation (47) can therefore
only be expressed in the simple form

R, = Mmass of solute on the stationary phase (48)
d mass of solute on the aqueous phase
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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 um Millipore filter, even after the well
was pumped to constant groundwater conductivity.

When examined by X-ray diffraction, the particulates from well 0B21

were found to contain 10% quartz, and the clay minerals kaolinite (medium
level), 2M; muscovite (medium level), smectite (medium level), ard
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'?

(1i) What fraction of the radionuclides is transported by
particulates?

To address the first question, the ***U/?®U 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 1ine 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 ??°Th/??%*U ratios of the particulates vary substantially and do not
appear to correlate with groundwater parameters. It is tentatively
suggested that this variability is associated with the mineralogical compo-
sition of the particulates. [t 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, i* should be possible to establish whether the 'zarticulate'
and fu11¥ disrersed thorium are in isotopic equilibrium by comparing the
232Th;22%Th:7%%Th activity ratios. Unfortunately, there was insufficient
'dissolved' thorium to examine this parameter. The question is important
and will be investigated further. If equilibrium conditions are found,

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.

(i1) 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 um. In addition, techniques
for dating the rate of sub-surface transport of colloids should be
considered.



11. RADIUM TRANSPORT

11.1 Radium-226

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

-dRa/dt = A.[Ra] - A1[l] - Rgeol (49)

where )z, and )i are the decay constants of “?°Ra (Ra) and 2301h (1)
respectively, and Rg o] is the rate of leaching/deposition. It was shown
in the first Annual ieportlll that equation (49) may be integrated

A.Ra - 2,1 -R
K i eol
= exp (=2.t) (50)
aratto) = AT = Roqo "

where Ra(t,) 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 ¢f magnitude greater than the
226pa half-life, exp (-xat) =0 and the activity ratio

xaRa R

TiT' = l*—STX:O" (51)

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/VZ,
Jabiluka Two) there appear to be relationships between the *?*Ra/*’°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 grf
lower. However, it is important to note that the correlation does not ho d 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 yistribution of Radium through the Iron 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 S1/146 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 *?“Ra/?*°Th activity ratios in the clay/quartz phases

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,

i.e. generated in gitu by thorium decay, there is significant redistribution
of radium throughout many cores. The accumulation of radium in the clay/
quartz phases would be due to a combination of

(1) preferential adsorption from groundwater solution; and

(11) a tendency for ??°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 “?®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 ?*°Th/2%“y deficit would be expected. In
fact, substantial excesses are observed. It will be recalled that the
explanation was based on the uptake of nuclides from the groundwater by
the amorphous iron, and a dynaiic 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
leachin? 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 renroduced with permission,)

11.3.1 Introduction

Four radium isotopes are present in the decay series of uranium and thorium:
**%Ra (half-life = 1620 y) in the uranium series, ?2’Ra (half-life = 11.4 days)
in the actinium series, and ?2°Ra and ??“Ra (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 ?2?%Ra in waters for uranium exploration has been
described frt?ucntly; the use of multiple isotopes is a more recent
development (2], Measurement of *?°Ra und **"Ra 1stope? hz? been
proposed as a means of loca}ing buried uranium deposits 3=4); the use
of 22'Ra has been described(5], an’ an empirical scheme proposed for
rating the significance of a water to uranium exploration.

This section presents the results obtained from analysis of radium
isotopes in water samples collected from the locality of the Ranger and
Koongarra uranium deposits in the East Alligator Rivers region of the
Northern Territory.

11.3.2 Samples and analysis

11.3.2.1 Sample collection

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 throuch a manganese-impregnated acrylic filter. This select-
ively removed trace heavy metals and radionuclides from the water, [7-8]

A water sample was also collected at the same time to enable the recovery
efficiency of the filters to be estimated. This sample was filtered and
acidified. Samples were then sent to the CSIRO laboratory a* North Ryde,
New South Wales, for radium analysis.

Acrylic filter cartridges were used (Curo Micro-Kleen 11, 50 um, Code
G78L2). These are treated in 0.5 M potassium permanganate at room
temperature (22°C) for '4 days, washed with deionized water and dried,
The filter is mounted in a Millipore 101 housing and an untreated 10 um
filter is mounted in an upflow housing to remove particulate matter from
the water,

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 HC1 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,

The hiah concentration of manganese can sometimes interfere with the
chemical procedures and, 1f necessary, the uranium, radium and thorium may
be separated from the manganese by a BI0O-RAD AG1X4 anion exchange column,
The solution is added to the column in 9 M HCl1. The thorium and radium
pass through the column whereas the uranium must be eluted with 1 M HCY.
The column may be cleaned of iron and manganese with 10 column volumes of
water,

11.3.3 Radium analysis
Apart from 2?°Ra, naturally occurring radium isotopes may be determined in

water samples by alpha spectrometry after chemical extracf;?n and deposition
of the radium in a thin layer of barium sulphate carrier, The radium is
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extracted by co-precipitation witn Pb/BaSO,. After purification, the
radium and carrier are deposited in a thin layer'*¥! of BaSU, (approxi-
mately 200 ug/cm™?) on a 0.45 um filter paper.'!®! The BaSO. carrier c
tains **'Ba, with a gamma emission at 356 keV which is used to measure
efficiency of the extraction procedure for radium.

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

tector in a Nucleus model 5300 alpha spectrometer (Figure 29) 1llustrat
the complexity of the spectra, The various isotopes may be identified

by their a-energy. The amounts of “Ra, ‘Ra and Ra are estimated
with a computer prog-am that uses the shape of the leading ““"Ra peak a
4.77 MeV to obtain the stri
the spectrum to 7.8 MeV. The concentration of "Ra is obtained by sto
the prepared sources and counting then again i fou
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in excess of *?*Ra. The *?Ra/??'Ra ratio of the filters ranged from 11
to 47. Sclgle 79/6a, for which only a water sample was analysod‘ had a
Tow *?%Ra/2?%Ra ratio of 3.2. (The natural activity ratio of *?*®Ra/*?’Ra
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=* (in PH49
from the Koungarra ore body) to 0.04 pCi/L™' (in PH94). Generally, there
appear to be higher activities of the short-lived radium isotopes in waters
from the Knongarra area than from the Ranger area. Whereas only 2 out of
10 samples from the Ranger area have “?“Ra greater than or comparable to ***Ra
10 out of the 13 Koongarra samples do. Similarly for “?'Ra, only cne
Ranger area sample had a ?2%Ra/??%Ra 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).

References

| P.L. Airey, D. Roman, C. Golian, S. Short, T. Nightingale,
R.T. Lowson and G.E., Calf, "Radionuclide Migration around
Uranium Ore Bodies - Analogues of Radioactive Waste Repcsitories",
USNRC Contract NRC-04-81-172Z, Annual Report 1981-82, AAEC
Report C29, 1982,

2. A.A. Levinson, C.J., Bland and R,S. Lively, "Ore Deposits and
Prospecting”, in M, Ivanovich and R.S. Harmon (Eds), Uranium
Series DisequiTibrium, Chap. 14,(0Oxford Science Publ., 1982).

3. S. Block and R.M, Key, "Modes of Formation of Anomalously High
Radioactivity in 011 Field Brines", Am, Assoc, Pet, Geol,
Bull,, 154-159 (1980).

4, M, Asikainen, "Radium Content and the “?**Ra/??"Ra Activity
Ratio of Groundwater from Bedrock", Geochim, Cosmochim, Acta,
4_5-’ ppo 1375.1381 .

5, J.R, Dean, C.J, Bland and A.A. Levinson, " ?*Radium/??*Radium
Ratio in Groundwater as a Uranfum Exploration Tecnnique”,

J. Geochem, Expl, (in press)(1983).

6. B.L. Dickson, R.L. Meakins and C.J, Bland, "Evaluation of
Radioactive Anomalies using Radium [sotopes in Groundwaters",

J, Geochem. Expl, (in press) (1983),
W.S. Moore and 0.F, Reid, "Extraction of Radium from Natural

Waters using Manganese-impregnated Acrylic Fibres', J, Geophys.
Res. 78:8880-8882 (1973).

61



D.F. Reid, R.M, Key and D.R. Schink, "Radium, Thorium and
Actinium Extraction from Seavater using an Improved Manganese-
oxide-coated Fiber", Earth Planet, Sci. Lett, 43:223-226 (1979)

C.W, Si11, K.W. Puphal and F.D. Hindman, "Simultaneous Determination
of Alpha-emitting Nuclides of Radium through Californium in Soil",
Anal, Chem, 46:1725-1737 (1974),
A.S. Goldin, "Determination of Dissolved Radium", Anal. Chem,
33:406-409 (1961).




12. FURTHER INVESTIGATIONS

There are two principal areas in need of further investigation:

(1) the analysis of new insights into transport and
adsorption behaviour; and

(11) extension of *he analogue rticularly to men-
made elements such as **°Pu, "930. 1291 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 groundwater pumped from the Nabarlek area is associated with
particulates (see Section 10). The ‘particulate' uranium appears to be

in equilibrium «ith the 'solution'; however, this could not be determined
for thorium because of its low levels in solution, Three questions need
to be addressnd:

(a) What i4 the proportion of uranium and thorium associated with
prrticulates and colloids of defined size ranges?

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

(¢) 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-
1ished, 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 pnase 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 stud{
differences in the distribution of “'*U (and *’*U) present over geological
time with “’*U 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 fsotopic dis-
equilibria on four phases greatly increases the amount of analytical work,
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level 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 auantified, an important basis will be established
for rolotin? 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 hi'h-ievcl radio-
active waste repositories, such as 2*’Np, **%Pu, '*°1 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.

lodine-=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 ot *he
fsotope in groundwater from the Great Artesian Basin, Australia,'?

In an endeavour to incorporate fodine-129 into the gcochemical 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

(11) to identify factors affecting the mobility of '**I in ground-
water down-gradient of the deposits.

An important simplificatior to data interpretation arises from the fact
that the time for the evolution of the weathered zone {s probably less
than 500,000 y. Since the half-1ife of ***I s 17,000,000 y, very little
fsotope will be generated subsequent to weathering., The ratio

(l,’l/"'u)ucathorod xone/(‘i.llz’.u)

crystaliine zone

will thus reflect the net effect of mobilization induced by weathering, and

a small input from *?°1 in rainfall, The ratio should be small unless

thc;o is appreciable association of fodide with the minerals of the weathered
profile.
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12.2.2 Neptuniun-237

T!glfonultion of **’Np is initiated by the 2%y (n,2n) reaction, As with

(a) it should be mobilized by the passage 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-lifc 2.14 x 10% y)
is snllf and the ratio

(2]1”9/1300)".m.r.d zqn./(“’""/“.u)crysullim z0ne

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

On the basis of analogy with ?**Pu neasurements, 1t has been assessed

that it should be possible to detect 107 atoms of 37Np using mass
sgectronutry. Assuming a useful level of 10° atoms, and an equilibrium
37Np/23%) vatio of 2.2 x }0“’ found for Katanga One, less than 1 g
uranium would be required, (4]

It is therefore proposed, if possible, to study the mobilization of
¥7Np from the Northern Territory ore deposits using state-of-the-art
mass spectrometry. There are two logical extensions of this work :

(1) to investigate the grou.dwater-induced migration of
neptunium, and

(11) to measure the distribution of the isotope through selectively
extracted phases to establish whether iron 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 Plgtoniyg-gg9[chlor1n!-36

The scientific basis for {ncorporating ***Py into the geochemical analogue
Is similar to that for *?°1 and “'"Np, However, it 1s inherently more
complex because the time-scales associated with the evolution of the




weathered profile are comparable to the half-1ife of the isotope. Account
must therefore be taken, not only of the rate of mobilization, but also the
rate of formation within the weathered profile. Because of the inherent
complexity of the processes, there is advantage in normalizing the **°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.
g&}?r1no-36 seems suitable and it is therefore proposed to measure 13%y/
ratios.

12.2.4 Other fission products

It is proposed to extend the analogue to include **Tc, Technetium/iodide
mobility ratios will be compared by monitoring il {7 et T

12,3 Site Evaluation

As was discussed in Section 2, the aim of the project is to establish the
scientific principles for the long-term prediction of radionuclide
migration, In particular, correlations are sought between

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

. laboratory leaching and radionuclide distribution throughout
the mineral phases (correlation 2), and

. radionuclide distribution and long-term transport behaviour
(cerrelation 1).

The generality ot the correlations should be investigated by seeking to apply
them to other classes of geochemical analogue. For instance, the distribu-
tion of radionuclides through the 1inings of ¢1d tailings dams could be
studied.

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
repository site. The following steps would be involved:

. the mineralogy of the host rock would be studied and a
separation into defined phases undertaken;

. the distribution of indicator elements such as uranium,
thorium and radium through the different phases would
be established;

. laboratory adsorption/leaching experiments would be
undertaken and correlated with the distribution of
uranium throughout the separated phases;

, on the basis of insights obtained from the hemical analogue,
predictions would be made of the long-term transport of
uranium series elements and more relevant transuranics and
fission producte.
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FOUR-ZONE MODEL OF THE UPPER 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- leacting
weathered rock; oxi-
dized material;
evidence of layering
inherited from Cahill
formation; in lower
region weathering away
from pre-existing cracks
and fissures observed
v Saturated Unweathered rock from

Cahill formation
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TABLE 2

mmm-xmxcmummrmw-

DRILL HOLE S1/146 - RANGER ONE

Activit
Sample ¥ :“’ Consistent Parameter Values' '
. {observed) T
Leaching (
U Concen- Zone 23y bt 1 “ . Y| time 2%ye) |2 N ox 2dv,
Depth 226pa/"" 2305, 4 (or Depn) Rate o) (§7)
tration s «:tq. Tin, oy | 230 | 208y - x 1000 | Ty, | Tiegeoy r m
g 97%) ™ per 1000 yy | ¥ (m per 1000
2) %
51 2.7 1 0.9620.03 |1.7620.06 |0.5820.02 1.5 (L) a3 0.9 0.9 1.0 6.12 (B)
81 4.0 1 0.7520.03 3.3120.13 [0.4020.01 0.8 (L) a7 0.9 0.9 1.0 0.96 (£}
35 9.1 1 0.9620.03 n.uzo.oﬂo.ouo.oz 0.3 (D) n 0.9 0.9 1.0 oz @f>
378 13.1 n 0.9920.03 o.’om.uL.ssw.o‘ 0.3 ©) 86 0.9 1.2 1.0 0.05 (W)
36 21.0 Pe31 0.6820.03 x.cs:o.oﬂn.ooso.oz 0.6 (L) n 1.0 1.0 1.5 0.05 (W)
1 " 1

NOTES

(1) A selection only of values is presented. Purther development will permit evaluation of all data sets from all samples on a profile.
(2) The rate of leaching (or deposition) is detined by tt-(l;.

(3) R, the relati - rate of leaciing (or deposition) of *7%y to 2%y, ig defined by equation (1).

(4) Relative values only are reported.

5 mmscxmummxuummv.mnmmmmumu.u.my.
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DRILL CORE SAMPLES - ISOTOPIC DATA AND MODEL PARAMETER VALUES -

DRILL HOLE S1/185 - RANGER ONE

Activity Ratios

— 10

Sample Consistent Parameter Values
Tate Erosion |
"ot | "= | e | 7 o R I P I . W o .
].g 2 2Vpep for »
| g 4 =) “:)o- %y | 2304, 238y o . ::’u 238y 0, 23%y00) " et OB
(8 per 1000 y) (» per 1000
A2) -
o 22.4 I 0.9420.03 11.0720.06]0.6420.0]) 0.3 2 1.0 1.0 1.0 0.18 (W)
7. 2.0 11 0.9120.03 11.0020.0610.6020.08 0.3 (v} 22 1.0 1.0 1.0 0.06 (W)
93 30.0 111 0.9520.04 |1.1820.06]0.6220.08 0.6 (D) 32 1.0 1.0 1.0 0.02 (W)
35 8.4 v 0.8420.03 |1.0810.06 s)
10 110.0 w 0.9020.08 10.6920.05]1.5520.08
N 142.0 w {0.9820.03
WOTES
(1) A selection only of values is presented. Purther development will permit evaluation of all data sets from all samples on a profile.
(2) The rate of leaching (or deposition) is defined by 1.
(3} R, the velative rate of leaching (or depositiom) of to ¥y, is defined by egquation (1).
i4) Relative values only are reported.
(5) Pareameters cannot be deduced for sone IV.
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TABLE 6

DRILL CORE SAMPLES - ISOTOPIC DATA AND MODEL PARAMETER VALUES -

DRILL HOLE DH 16 - JABILUKA ONE

Activity Ratios )
Sample svad Consistent Parameter Values
Rate Erosion
U Concen-~ Zone 238y 2300 (4) O loahing ) ) o, 234y 2304 ) ex Mdy.
Depth 226477 231p,) (or Depn) Rate —tio) |__Thio) (3) | wea*wri
:.::z:g-) - cr:;;. EET 2%y | 230gm |25y pr . to,oo PETSTS Fr T R gl
(% per 1000 y) ¥ (m per 1000
(2) yY)
1147 4.0 1 1.0220.06 [1.7240.06 0.15 (L) 43 0.9 0.9 1.0 0.09
1822 8.2 I 0.97£0.01 }1.05£0.03 0.3 (D) 22 0.9 0.9 1.0 0.02 (E)
(
1145 13.1 181 0.9320.04 |0.9720.04 0.3 (D) 9% 0.9 1.2 1.0 0.04 (W)
15 19.5 111 0.9920.02 | 0.90¢0.04 0.3 (D) 86 1.0 1.0 1.0 0.18 (W)
11.7 25.0 11X 1.0520.05 |0.7820.04 0.3 (D) 86 1.0 1.0 1.0 0.11 (W)
6.5 45.1 w 1.0920.09 (6)
) %, 54.6 v 0.92£0.06 |0.6720 .5

NOTES

n

(2)
(3)

4)
(s)

(6)

A selection only of values is presented. Purther development will permit
The rate of leaching (or deposition) is de ined ty o?uucn (1).

R, the relative ratc of leaching (or deposition) of 3% ¢o ".U, is defined by equation (1).
Relative values only are reported.

The computer program produced no ¢ ~ut.

Parameter values cannot be calcul.c ~ for zone IV.

evaluation of all data sets from all samples on a profile.
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TABLE 6a

DRILL CORE SAMPLES - ISOTOPIC DATA AND MODEL PARAMETER VALUES -

DRILL HOLE DH 35 - JABILUKA ONE

Activity Ratios (1)
1
Sample I o473 Consistent Parameter Values
Rate Erosion
U Le (L .
oo e [ e | 1m0 | 2 s ) ampf Sl i | e [ |, |
(::n: =) (r‘)q. L 234y 230y 235y, (D) x :o?o 238y (q) 23%y(0) R Pront (W)
9 (v per 1000 y) ¥ (m per 1000
2) X
256 8.2 I 1.0820.05 L.OJ:0.0‘ 0.3 (D) 64 0.9 0.9 1.5 0.03 (W)
616 12.5 II 1.0620.04 |0.9720.04 0.3 (D) 65 0.9 1.2 1.9 0.08 (W)
30.3 20.3 111 1.0420.06 |1.1020.17 0.3 (L) 65 1.0 1.0 1.0 0.23 W)
123 25.0 III 1.0520.03 |1.1220.04 0.3 (L) 43 1.0 1.0 0.5 0.23 My
7.6 29.2 IIx 1.1620.07 |1.0720.06 6)
74.1 45.0 w 0.8520.04 |1.0320.05
5.4 50.0 wv 0.9520.04 J0.7620.05
NOTES

(1) A selection only of values is presented.

(2) The rate of leaching (or deposition) is defined by equation (1).
(3) R, the relative rate of leaching (or deposition) of 3y to 238y, is defined by equation (1),
{4) Relative values only are reported.

(S) As there were no samples from the upper (leaching) zone, no attempt could be made to assess mass balance.
(6) Leaching parameters cannot be calculated for zome IV.

Further development will permit evaluation of all data sets from all samples on a profile.




901

TABLE 7

DESCRIPTION OF CORE SAMPLES FROM RANGER ONE S1/146

Zone of the
D:s:h Colour Comments Laterite Aq’u..ltf;r
Profile
Mottled Inhomogeneous - large quartz Mottled zone
2,7 80% 10YR 5/6 (dry) red veins present (3 cm length of laterite
208 SYR 5/1 (dry) white 0.5 cm wide), matrix easily
crushed, no evidence of
l.yering. Shallow
Mottled Juartz grains 3 mm diameter, Mottled zone upper
4.0 808 SY 8/1 (dry) white matrix easily crushed with of laterite
20% 10YR 4/6 (dry) white fingers, no evidence of aquifer
layering.
system
Slightly mottled No quartz grains visible, Pallid zone
9.1 95% SY 8/1 (dry) white matrix easily crushed with of laterite
5% 10¥YR 7/8 (dry) white fingers, no evidence cf
layering. .
Only ground sample Oxidized
13.1 available - material
2.5 Y 7/6 (dry) yellow Deep
Slightly mottlied No quartz grains visible, Oxidized ore
14.6 95% /.5 ¥R 8/4 (dry) pink matrix easily crushed with material
5% Black and grean veins fingers. Some evidence of body
layering inherited from
Cahill formation.
aquifer
Whole coloured Quartz grains -2 nm 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)

Activity Ratios

Sample (measured Consistent Parameter Values
—imeasured) ‘
2 % Rate Erosion |
Leaching Adv.
0 O] s | N :"‘u 220m | 226 231py ?ox Depn) l::: . Tute) | 2¥mie) . (202:031"
Sample tnu: = (l;t,q- ity 234y 230qy, 238y (D) x 1:0?0 238y 234y¢0) R Prent (W)
g g~ (% per 1000 y) ¥ (m per 1000
i S
231/FA 45600 10.0 11 0.98 1.01 0.94 [v] 43 1.0 1.0 1.0 0.01 w
35/Q 7120 il.0 111 1.00 0.94 1.16
R 1430 16.3 v 1.09 0.84 1.45
229/s 1670 0.42 I 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 i.8 (L) 11 1.0 0.7 1.0 0.04 E
v 420 2.97 1 0.95 0.72 1.16
nN; 8610 25.0 v 0.80 1.13 1.02
91/w 2080 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 1 1.01 1.00 0.97 2.1 () 11 1.0 0.7 1.0 <0.01
Y 1950 10.9 I1x 1.17 3.13 0.88
255/2 260 1.76 347 1.26 0.69
AA 5630 5.87 11 0.88 1.04 1.61 0 65 1.0 1.0 1.0 0.07 w
BB 1350 13.7 I1x 0.91 1.01 0.9
cC 220 14.7 IIx 0.83 0.9 1.85
36/DD 83200 11.4 IIx 1.02 0.97
EE 18500 15.1 I 0.66 1.01 1.06
* *yw©) /o) and 3% (o) /?**u(o) are the initial values of the re

in question (column 4).
t R is the *"u/*"*y activity ratio in the transporting medium (infiltrating water).

spective ratios, i.e. the value before the evolution of the zone



COMPUTATION OF VERTICAL URANIUM FLUX

U Conc. Leaching (L) Total leaching (L)
Sample (:) Zone (av. Deposition (D) Rate D.pou_uon_ (D)
(pg g=h (8 per 1000 y) (mg y"' m?)
sa/ ¢ 1 640 2.1 (L) 15.4 (L)
- P-4 975 0.3 (D) 10.6 (D)
» .78 11 3875 0.3 (D) 54.3 (D)
c 3.56
11 6660 0.3 (D) 186 (D)
. e 1 3925 0.3 (D) 95 (D)
E 10.2
s 9 1 990 2.4 (L) 6.2 (L)
v 9sd 1 1015 1.5 (L) 7.9 (L)
- e 11 4200 0
" 2.0 11 10730 0
" %5 11 7250 0.3 (D) 238 (D)
" sl 111 795 0
» ke 111 1285 .
3 13.6
"/ ° 1 2080 1.2 (1) 3.2 (L)
w 0.05 : Lii4%
o II 1950 *
10.9
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TABLE 10

MINERALOGY OF JABILUKA ONE DH 3

>2 um Fraction
Sample | % Quartz| - AN ~— vops
Chlorite| Mica | Vermiculite|Smectite|Kaolinite|Goethite | Minerals
11.0 R 55
1.3 8 50 30 50 10 15 ? -
14.0 s 70 50 30 10 10 ? 2
20.1 s 50 30 701 - - - -
29.6 R 45 v v - - - -
M5 8 60 1co0 - - - - -
TABLE 11
MINERALOGY OF JABILUKA ONE DH 16
>2 um Fraction Other
Sample | % Quartz N —
“Chlorite| Mica Vermiculite |Smectite|Kaoclinite thite | Minerals
4.0 s 30 25 20 5 20 25 2
8.2 R 60
13.1 R 90
19.5 8 35 100 - - - - - Anatase
45.1 R 40 v v - - - - Pyrite
54.6 S 45 50 sol - - - -
S - sample investigated using sedimented aggregates and random powders,
R - sample investigated as random powder,
I - interstratified material p» =nt.
v - present.
? - may be present,
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TABLE 12

MINERALOGY OF RANGER ONE S1/146

>2 um %ction Other
Sample | % rtz |~
s Chlorite | Mica | Vermiculite| Smectite|Kaolinite|Goethite | Minerals
2.7 8 35 - 5 - 25 70 0 Hematite
(Anatase)
4.0 s 10 - 10 ~ 40 50 L Anatase
(Hematite)
9.1 8 30 - 10 - 50 40 L Anatase
13.1 8 50 - 40 - 25 30 10 Anatase
21.0 s 60 60 25 15 - - -
S - sample investigated using sedimented aggregates and random powders.
R - sample investigated as random powder.
I - interstratified material present,
v - present.
L - present in low concentration.
? - may be present.




n.d. - not detectable.

: - may be present in low levels.

TABLE 14

$1/146 : DEPTH 2.7 m ; URANIUM (’°°y) AND THORIUM (**°Th)

EXTRACTIONS AND ASSOCIATED ISOTOPE ACTIVITY RATIOS

Extractant § 238 2’“0/2"0 s 230 2’°Th/2’“u
0.1 _M_ NH&CI 1.3:0.1 1.27:0.08 <0.2 nodo
(24-hour shake)
Acid oxalate 24.610.9 0.98+0,03 20,1%£1.4 | " .31£0.09
(4 hours in dark)
CDB~2 extracts 46.1+t1.0 0.99+0.08 61,0%2.6 | 2.15£0.23
(4§ hour; 80°C)
5% NayCO; 1.0%0.2 1.0020.15 <0.2 n.d.
(16~hour shake)
HNO 3 /HF /HC10, 26.9%20.5 1.7810,08 18,940.6 | 1.56%0.14
digestion + Naz0;
fusion

All errors quoted are one standard deviation.

n.d. - not determined.




TABLE 15
4.0 m ; uM (**%u) anp uM (**"h
1 AS ISOTOPE ACTIVITY RATIOS

Bxtractant § 238y zqu/zon s 230qy zloThlzsbu
: |
0.1 ! mbcl °o°t°ol 1.17:0.12 <002 n.do
(24-hour shake)
Acid oxalate 24.4+1.0 1.1420.04 44.1%4.2| 4.7420.46
(4 hours in dark)
(4 hour; 80°C)
S‘ m.ma 2.‘*0.2 0.9510.11 <°.2 nodo
(16-hour shake)
HNO3 /HF /HC10O4 50.5%1.6 1.3210.04 23.6%1.7] 1.73%20.17
digestion + Naj;0;
fusion

All errors quoted are one standard deviation.

n.d. = not determined.
TABLE 16

$1/146 : DEPTH 9.1 m : URANIUM (°’°u) anp THORIUM (*°°rTh)
EXTRACTIONS AND ASSOCIATED ISOTOPE ACTIVITY RATIOS

Extractant s 3%y $8hy 300y 8 230 | 230y 200y
001 -"- NHQC]. (-0.2 nodo <0a2 nod.
(24-hour shake)
Acid oxalate 29,2%0,6 0.8020.02 12,2£0.,8| 0.75%20.04
(4 hours in dark)
(4 hour; 80°C)
5% Na (ﬁ] 0.2 n.d. 002 n.da
(16~hour shake)
digestion + Naj;0,;
fusion

All errors quoted are one standard deviation.

n.d. = not determined .
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TABLE 17

$1/146 : DEPTH 13.1 m : URANIUM (*’°u) anp THORIUM (*°*°Th)

EXTRACTIONS AND ASSOCIATED ISOTOPE ACTIVITY RATIOS

Extractant 'Y 23.0 23‘0/23.0 % Z’Cm 33.m,2!~0
001 ! m.CI <002 n.d. <°.2 n.d.
(24~-hour shake)
Acid oxalate 61.323.7 0.67+0.02 10.820.2 0.3720.02
(4 hours in dark)
(3 hour; 80°C)
5% uazm’ <°.2 nod. 20‘*0.2 n.do
(16~hour shake)
m’m/mloh 1-9*0.1 2.15:0.12 3.710.2 1.26:0-11
digestion




Depth 238 234, ,238
Extract LQ % U u/ U
0.1 " NH4C1 4.0 0.620.04 0.95%0,08
(24-hour shake) 4.0 0.810.1 1.17#0.12
(4 hour; 80°C) 4.0 15.7¢1.0 0.87+0.04
CDB~1st extract 13.1 30.410.6 1.20£0.05
(3 hour; 80°C) 13.1 33.5%1.6 1.17%0,03
All errors quoted are one standard deviation.
TABLE 19
A MASS BALANCE : COMPARISON OF TOTAL °’®y OBTAINED BY SUMMATION OF
AL YS OF ALL S _AND BY DELAYED NEUTRON
ATI DNA YSIS OF WHOLE LE (RANGER ONE §1/146 PROPILE!
Depth 3%y all extracts T8 by DMNA
(m) (ug g=") (g g7')
2.7 47,2 1
4.0 84,3 8l.1
9.1 35.6 35.6
13,1 352 378
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2%%Ra LEVELS AND *?°Ra/?’Th ACTIVITY RATIOS IN PHASES SEPARATED FROM
$1/146 RANGER ONE
Total Clay/Quartz Other Phases
Depth tly F
Uranium 377
(m) (Wg g-1) .21 226p, /2300, Rgl 226, /23 0qy,
(dpm g ) (dpm q )
2.7 47.2 38.7 1.47 26.8 0.33
4.0 84.3 74.3 1.03 36.3 0.33
9.1 35.6 43.0 2.31 <1 <0.,03
13.1 152 74.7 5.5 173.4 0.42
TABLE 21
SYNTHETIC GROUNDWATER COMPOSITION
J Ilu(c)
Concentration
Component ( L= iL
$i02 38.7¢ 4.5
Na' 11.5¢ 1.8
k" 3.2¢ 9.6
ca’* 11.5¢ 1.6
Mg’* 16.8¢ 2.4
c1” 9.5¢ 1.6
80,2 4.2¢ 0.9
HCO 3 143.0£12.0

(a) Uncertainties quoted to a 95%
confidence level.
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IABLE 22
LONG-TERM LEACHING EXPERIMENTS

Sample : 13.1 m §1/146, Ranger One

Solution oxidizing, pH 5.5

Weight of sample : 0.5 g

Sample gcnpcratinn :+ crushed to ~100 BS

Added *’°u : 5 aliquots ot 150 dpm

Uranium content : 378 g g~ ', i.e. 189 ug
or 142 dpn

23%y/2%% ratio : 0.9920.03

Activity | Activity ®
Day Isotope Solution Ore xa
_{(dpm) _(dpm)

1 znu )10'0
236 >10%

2 J‘OU )10'0
26 e 0.043 142 3.3x10°
=% 0.01 900 9x10"

234y 0.047 141 3x10°

See text for definition of K..

dpm -~ disintegrations per minute
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Sample : 4.0 S1/146, Ranger One
Mass of sample : 2.00 g
Volume of aqueous phase : 100 mL

Sampie preparation : crushed to -100 BS with rotary mill
Uranium content : 84.3 ug g~’
23%y/2%%; activity ratio : 1.1920.04

Sxperinental V) “'mxd of ¥ UK, of (2 xd("‘m (2)
Conditions Adsorption Desorption (3) i;_(!“'ﬁ-)'

pH 5.5, oxidizing 2.2x10° 9.9x10° 0.22

pH 5.5, reducing 4.0x10° 3x10* 0.13

pH 8.5, oxidizing 4.2x10° 2x10" 0.21

pH 8.5, reducing 8.1x10° 7%x10" 0.11

(1)
(2)
(3)

See section 7.2.1.

See text for definition of xd

Values are rounded to one significant figure if the standard
deviation associated with measurements exceeds 10%.
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TABLE 24

THE EFFECT OF a-RECOIL ON RADIUM ADSORPTION COEFFICIENTS

Volume of suspensions - 100 mL

611

Total *?®Ra added to each suspension - 4700 dpm
Total ??%rh added to each suspension - 4736 dpm
pH - 7.5
) % Activity in K
e Loading 'Solution® (1) (2) g clr (1)
(mg mL™Y) 226, 22000 220p. K, 9‘
(egn 18)
montmorillinite (¢ 119 4.6 2.4 2.4 2.0 0.5
illite 103 15 14 7.5 2.0 0.5
kaclinite 137 1.5 0.7 0.7 2.0 0.5
(1) The “‘Ra. ?2%h solutions in this experiment were added on 15
September; the ’?“Ra/??®*Ra assay was undertaken between 30

September and 11 October 1982.
(2) Dissolved, i.e. 'non-filterable' activity, was estimated by
passing a 1 mL aliquot through a 0.22 um membrane filter.
(3) The values of p are slight under estimates, as no attempt
has been made to correct for the small fraction of *?“Ra
formed from the dissolved **®rh.
(4) Scdium forms of the clays were prepared.

dpm = disintegrations per minute.




TABLE 25

URANIUM SERIES DISEQUILIBRIA WITHIN JABILUKA TWO ORE BODY
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TABLE 29

JABILUKA GROUNDWATER - ISOTOPIC DATA

well No. ﬂ;::l;- D/H q;’:._" 238y 238y 230 gy 23%y
170 2.220.4 -31.120.5
DH 237 0.7£0.3 -35.0%1.3
101 1.520.3 -35.2+1.0 | 0.3020.02 1.27£0.0€
v/153/v2 1.0£0.4 -33.620.6 3.60£0.19 1.1720.05
w/111/v 0.420.4 ~34.8%0.2 |0.40320.018| 2.00:0.08
120 0.520.4 -37.420.1 0.23£0.014 3.67%0.16
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TABLE 31

REDISTRIBUTION OF RADIUM IN ORILL HOLES S1/146 AND S1/185,

Ra hi L :; la.e:iag L
Drill Depth v 228Ray/ (or Deposition Sagesitice
( - U.qI'U -3 D) Rate
Hole (m) g 5ﬂ 230qy D) x 10 9/9 (% 1000 y)
ore per 1000 y pex
Ra U
S1/146 2.7 ] S1.3 1.07 1.73 8.8 S » 0.8 L
4.0 81.1 0.74 1.84 56.5 19 L 0.8 L
9.1 35.6 1.52 1.64 85.5 67 D 0.6 L
13.1 | 378 1.03 0.89 15.2 3:1 9 0.6 D
21.0 36.5 1.50 1.47 39.4 30 D 0.3 L
§1/185 22 46.8 1.20 1.21 16.5 10 D 0.3 L
28 74.3 1.12 1.02 139.2 5 D 0.3 L
30 93.4 1.16 1.28 28.4 D 0.6 L
48 34.9 1.29 1.23 3.3 14 D
110 10.4 2.90 2.39 49.9 135 D
142 21.7 1.84 1.51




Dapth -1 -1 u_/u
| tole m) g g ) (dpm g ) eq

§1/149 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
83/32 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

dpm = disintegrations per minute
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TABLE 33
ISTRIBUTION OF RADIUM DRILL 3, DH 4, DH 8
JABILUKA ONE
" Ba 1 —— :::. Leaching L
Drill |Depth v 2%pa/ o i (or Deposition D“""“) m““‘
Hole m |g g™ **'m D) x 107! g g~! ~ 2
ore per 1000 y ——L'&-
Ra %‘
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 [1.1520.04 1.35 13.4 D 7.5 D 0.3 D
18.6 6.0 |1.1920.16 1.37 2.6 D 12.3 D 0.3 L
43.9 0.7 |6.8720.81 6.8 5.8 D 242 D
61.3 6.6 |3.55#0.19 3.1 28.4 D 123 D
DH 8 1.8 3.0 |8.48%0.67 4.7
2.9 6.3 [7.7320.64 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 0.3 D

(Continued)



TABLE 33 (Continued)

. e o rx l:.-nnu T
prill | Depth v pas | 4 (or Deposition ad n)m
sole ™ | oo m oq’® D) x 10727 g g~} o R
ore 1000 ; ‘
per 1000 y | ReE R X —
om3s | 8.2 | 296.2 | 1.0620.0¢| 1.07 22.7 D 2.6 D 0.3 D
17.0 6.4 5.16
12.5 | €15.7 | 0.9320.08! o0.95 65.7 1L 0.3 D
20.3 30.3 | 5.60%0.56| 6.29 23 D 229 » 0.3 L
25.0 | 122.9 | 2.02:0.06] 2.45 200 D @ o 0.3 L
2.2 7.6 | 8.5420.38| 10.2 105 D 403 D

621
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comparison with geochemical timescales.

* See Tables 5 and 6(a)

A [ . o —



s o1 oseeo Lo du T L ag - MEoILT"D . J ;|
P 3 4 €0"0ZI"0 S0 355 1 SOOI T o oS mE
=y 1 09597 oF"T 08°T1 Ty ossL TT o e 5 w2
Lt 69 I3Ee ST SE6 SRLCTY LSS 08T e s
L 4 gc rIes 1Y ST WISE"TL SLESERTSLT s ret & B
8 0r-0s68" 6 T 1IN SO TIEN"TE o9 " oma
S393717; I™og3ie sardees evizeSecoy (o)
&1 S0"0s6E 0 SI°1 e SOOI D S =
4 4 ST 000" T IT°% S0 I~ ST oSST (e 1 S rdg-x
9ot |0 esTL D L g - ST oses” £ s e
o"0 0" 03T 0~ L1°T 991 10° 0597 $°Ls 13I8
™z Z0°0370" 0 &2°0 30~ W oS e 0% L
s ot 20° 03500 o1°1 ST~ 0 oS Q (e ) Sy we
€S "W OILT D 20 ezt W 0ETE L T L ma
9 S -032s" e1°® LT L1t LT IFIE TS *oTES o ma
"ry sarvSucoy [L i)
L's TS TRes L PO NI O~ IS Ty Lo 1 vRSEL
't %€ 0INS"T SLs ITLvsr- WIS F £ouss e L
L9 *IOILTD W T I~ L= S5 TNOT
€T €1 0s9g 0 I°E Lo s~ €T osET"S e iz "’i6
o st zZo"03ZO0 T 3P LOT0STY"O (38 7 LTis
T0"0590°0 £L°0 w0 1~ o oset e £ 19 e
»”z €0°0sL0"0 060 ITE 1~ 20 030 Fars P3¢ 3
L FO OIS0 0 or*1 sor°: O OSLT D & 96 LS8
£ 3 4 W0 0T 0 ot 90T 003050 £ 559 & W
"8 SOOFET'D 20T ERTr- SO OsET*1 & ITL e
e €9 0N s LT TG TOT FTIITOM 05 e
wary Jebury (v)
II..nu | ™ 5-_ T Lﬂan
I — e g - -

130




(a) Ranger Area

!l:. I
11.8
30.9
11.1
18.8
11.2
18.1
13.5
47.4
19.6

T

ﬂh.'.".

g ier e
388493 28333328
| (i

CEEERT R T

3133353!3

h.ﬂﬂ.? -

(b} Eoongarra Area

o

EEEE L LI EEETEEES
ARR R

Ridasdign a"“°~ %3
§9 | dfdddddds| |adfididds
i‘l ssaanend| [5otichs

11




TABLE 36

Fava

WATER AND FILTER SAMPL

Recovery

oongarra
i sy

PH }
PH ;
PH 78 ‘ , ;
PH 94 ) ‘ :
KTD 1 ;

' § |
X-Spring




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:

Usg Uq(to) exp
Uranium-235:

Ue

Uranium-234:

Thorium-230:

Protactinium=-231:

-dPa/dt P A sUe (A5)

where 23Us, AsUs, AUy, AjI and A Pa are the activities of 238y, 233y, 23%y,
23%Th and “*'Pa respectively; £ i§ the rate of leaching (+ve) or rate of
deposition (-ve); R is the “**U/??®U ratio of the leachate or the depositing
material; t is the elapsed time; and Ug(t,) Us(t,) are the levels of L |
and **°U at the initial time t,. A full Tist of Symbols is given in
Appendix C ., )

Uranium-234

Substituting equation

-dU /dt =

wnere a

and b

\

From equation (A6), it may be shown that

exp (-at) + 2~ Us(t_ ) (e
P\ J (b-a) o’




0) into (Ag) ’

exp (b-a) t + (exp (b-a)t - 1)

A\ 4
b-a

the activity ratio at the initial time to'

), (A8) and (Al10),

exp (-at) +

(exp (-at) - exp (-bt)) . (A12)

can be most readily checked by back substi-




Protactinium-231

From equatic.s (A2) and (A5),

-dPa/dt = pPa - kaa - xsus(to) exp (-ct) ,

where ¢ = A + £ .
From equation (A16) it may be shown that

x~5U:(f-0) .
Pa = Pa(t_ ) exp (-\pt) e — —(exp (-‘pt) - exp (-ct)) .

0 )

P

The activity ratio

= A pa‘&‘r) »
Sp 5 /AU

hence, from (A18) and (A19),

A

Sp = Sp(to) exp (c—lp)t + TEjE—T (exp (c-\p)t -1) .

P




APPENDIX B

DEFINITIONS AND STANDARDS

Stabie Isotopes

Stable isotopes D/H, *°C/*%C, *®0/'®0 are reported in terms of &-values,
which are relative differences of the ratio from a reference material.
By definition

X = (RX/R

e 1) x 1000 per mille

where R, is the isotope ratic of the sample, Rgtq is the isotope ratio of the
standard.

For D/H and '®0/'®0, standard mean ocean water {(SMOW) is the reference.

In practice, V-SMOW (V1enna standard 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 *3C/*?C ratios are referred ultimately to a carbonate standard PDB

which is derived from the rostrum of Belemmitella americana from the Pee
Dee Formation of South Carolina, USA.

Tritium (*H)

Environmental tritium is measured in terms of tritium units (TU). By defin-
ition, one tritium unit is the ratio 1 tritium atom per 10'® hydrogen atoms.
One TU is approximately 7.2 cisintegrations per minute per litre of water
(dpm L)

\ Ui .

Carbon-14

Carbon-14 is measured in terms of the percentage activity of modern carbon
(pmc). For 'aboratory calibrations

1“C activity modern carbon = 0,94 '“C activity
(NBS oxalic acid in 1950)

An activity of 100 pmc is close to the 'steady-state' activity of
tropospheric CO, and corresponds to 13.56 dpm g~* of carbon.




APPENDIX C

LIST OF SYMBOLS

\y + RE (equation (12))
initial, final solution activity
(equation 13)
(equation 14)
deposition
surface erosion
uranium flux (Uranium Trend Model - J.N. Ros

heights above the zones I/II, II/III and III
respectively (Section 3.2)

depth of weathered host rock
‘3:Th

adsorption coefficient

adsorption coefficient of referen
rate of leaching

Lilpa

itio of groundwater
6Ra

level of “?®Ra, *?“Ra at accessible sites

> |
>

level of *?®Ra, ??“Ra in aquecus solutio

retardation factor

rate of leaching (or deposition) of radium -
component

level of ??“Ra at inaccessible sites
‘41':’ V. '.Lva,’u 3511

elapsed time

initial time




time at which uranium first has access to groundwater

annual rate of uranium transport per cubic metre of
vertical core

activity ratio at time t,, i.e. immediately before
the passage of the zone front

uranium level

18

1k 235 : '
b ki | [ U, U

observed level of 2%“l)., **®U in groundwater at a
distance x from the deposit

23411

level of U, “*®U in component 2 of the groundwater

activity ratio at time tg
f

, i.e., immediately before
ront

the passage of the zone
groundwater flow velocity
solution volume (Section 7.2)
solute velocity

interstitial fluid velocity

weight of soil

rate of advance of the weathering front

decay constants of
decay constant of
decay constant of *?*'Pa

decay constant associated with the uraniu
(Uranium Trend Model, J.N. Rosholt)

rate of leaching of ??°U, ?°®U 11 the vicinity of rock
fractures




234y{0)/2%%U(0) (equation (46))

rate of leaching of Pb in the vicinity of rock
fractures

Kd/Kdr (equation (18))
density
porosity

recoil parameter, i.e. probability that an a recoil
daughter will lodge in an inaccessible site

c-3
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