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4 ABSTRACT

v
The mining operations at the Greyhawk Uranium Mine began in 1956
and were discontinued in 1959. As a consequence of the mining operatlons,
a zasﬁe rock p?le (pegmatite granite and-gabbro) was developed at the
sité. These rocks have subsequeﬁtly undergone weathering processes and

consequently introduced leachate into the aguifer.

8U) of the

tate

methods of

The urenium content and uranium isotope ratio ( 3[’LU/
Greyhawk ground—watexs were measured utilising the analytic‘
isotope dilution and alpha- particle spectrometry. Uranium contents range
from about 1.2 to as high as 380 ppb. Most samples at deep sampling
points (>7m) are usually anomalously high, This suggests that a plume
ofduranium—righuﬁrter possibly emangiing from the wagte rock source is:
migrating in Eﬁé/deeper part of the aquife£. -The high uraglum content in
the waters at greater depths may aigéxbe attributed,to-leaching of «the
buried bedrock surface by acld water of the waste dump.chhis U-~rich
water alsc has distinctly hgher 23M’U/238H ratios. The samples at the
water table closest to the waste rock source also showed quite signifi;ant
concentration of uranium., Uranium in these watefs oceurs predominantly
as stable and soluble uranyl carbonate complexes; part of th; dissolved
uranivm is taken by the Poréus medium as it passes througﬁ, as shown by
high\concentrafions}of leachable uranium on the sediment of the aquifer.

Generally, the Greyhawk ground waters have a relatively low -
234U/238U ratio which ranges between 0.95 and 1.85. Most samples have

U ratles between 1.00 and 1.30. #igration of 23k -enriched water was
. A
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observed at inteéh%%}ate and bottom depths of the aguifer. The spatial
distritution of isotgéé rafios in the aguifer indicgtes the mggratihg
path of the contaminants eﬁgﬁating from the waste ro ource, " The en-
richment of 23“U over 238U 1s probably due.to pre£;;Z§Z§al leaching of
234U from the waste rock as well as from the bedrock.

The thermal neutron activation-delayed neutron counting technique
is also applied to the analysis of wranim content in the water, The
technigue is'non~de§tructi}e, rapid, moderately accurate and DPrecise and
u'appears satisfactory for uranium prospecting purposes.

The p?ssibility of applying combined fission tréck and alpha
track counting technique, to determine isotopic ratios (ZBHU/QBBU) is in-
vestigated‘%P this programﬁe. The ratios obtained by this techniqge are
promising and generally are in decod agreemént with those determiﬁed orf
an alpha-particle spectrometry. /This technique has a.g;eat potential in
thé.déterminaiion of 23IJ'U/238U ratio in natural water. However, some
improvements on the technique are still négded to make the method more

reliable, quantitative and rapid.
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CHAFTER I
INTRODUCTION

1.1 General Statement

Ranges of uranium concentrations in natural waters of the world

have been tabulated by Rogers and Adams (1970). 1In sea waters, uranium

content is almo ET'onstant, ranging from 1 to 4 ppb. However, uranium

content.in frg~'
such as rock types, flowrate of water, evaporation, physiochemical
conditions of the envirconment, ete. (Barker and Scott, 1958; Cohen, 1961;
Lopatkina, 1964; Langmuir, 1978). Fix (1956) has suggested that the
background uranium value in the U.S. streams is about 0.1 ppb. In
uraniferous areas, he found that uranium ranges from 1 to 10 ppb in
surface waters and 1 to 120 ppb in ground waters. X

Radicactive disequilibrium.of two uranium isotopes, U-234 and
U-238, was first discovered by V. V. Cherdyntsev and co-workers in 1955
during an investlgation of the 234U/238U ratio in secondary minerals.
Subsequently, this disequilibrium Eharacteristic was used to some specific
problems in carbonate and lake geochronology, uranium ore genesls, soll
evolutionary processes, earthquake prediction and evaluation of regicnal
hydrogeology. However, intensive studies of these problems onf} began a
few years ago; especlally in the U.S. and the Soviet Union. ‘

Ip general, the 231}U/?'BSU activity ¥atio of water'and sgcondary

uranium-bearing minerals is greater than unity due to the selective

leaching of 23uU from weathering rocks. The activity ratio of zjhU/ZBBU
1



in grouhd water varies from about 0.5 to 19.94 (0Osmond and Cowart, 1976)
and in river waters ranges fiom 1.00 to 2.00 (Thurbef, 1965; Cherdyntsev,
1921). The ocean, a reservoir that receives water from lakes. and ;treams
has a fairly constant activity ratio of about 1.14 (Thurber; 1962). In
gddition, strong fractionatiqn of these two isotopes was alsc observed in
deep oil—brinés (8 to 10: —i;bnfeld et al., 1975); in waters of granite
massifs (1.5 to 6.5), in lake water (1.2 to 1.3) and spring water (1.03
to 1.40) and bone sample (1.2 to 1.6) (Cherdyntsev, 1971) and limestone

cave deposits (0.93 to 2.44: Cherdyntsev, 1965; Thompson et al., 1975).

1,2 Objectives of this Study

The principal objective of this study is to investigate any
‘variation of the uranium content and its isotopic ratio(zjaU{EBBU)with
depth in shallow ground waterin granular deposits. To achieve this,
the Greyhawk Mine, Ontario, was chosen as the investigatioh site énd
various geochékical, radiochemical and hydrogeological studieg have been
made. The studies were carried out using multilevel gno;nd water samplers
installed in the sandy overburden. Ground water sampleslwere collected
from-selected intervalé and analysed for chemical and radiochemical
constituents as well as geochemical conditions (pH, specific electriecal
conductance, bicarbonate alkalinity, dissolved oxygen and temperature).

' Major cations and anions measured included Ca?+, Mgz+

, Na©, @17, 50,%7,
etc. While uranium was analysed by the alpha spectrometry technique.

The uranium present in this water is presumably derivgd from pegmatitic
and gabbroic waste rocks which had been piled up a&jacent to the abandoned

Greyhawk Mine about two decades,ago. A few samples of waste rock and
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core soll were analysed for their uranium content and U isotope rgtio.

The water table and ground . = -surface elevations as well 4s

.other hydrogecloglc parameters were surveyed so that quantitative and

gualitative interpretations of the chemical and radiochemicgl results

could be made within the hydrogeologic framework. It was édped from this

programme too, that an improved understanding of migration of uranium
in the natural environment could be developed.
As a part of this study, a new technique to determine uranium

isotople ratio (234U/238

U) has been developed utilizing alpha and fission
tracks. This method proved to be useful in obtaining a first estimate of
theluranium isotopic ratio.

In addition, waste rocks and core soil samples were also anaiysed
for uranium and thorlum by neutron activation-delayed neutron countiﬁg
and instrumental neutron activation techniques, respect;vely. Further-
more, analyses of total uranium content in water samples we;é\also per-
formed by the neutron activation—del;yed neutron counting. Thi;\method

is fairly cheap, rapid and accurate and appears satisfactory for uranium

prospecting purposes.

1.3 Hydrogeochemistry of Uranium

Uranium is an element showing changes from one oxidatioﬁ state
to another In geologic environmen%é. The possible valence states of
uranium are +2, +3, +4, +5, and +6, but only the +4 and +6 valence states
are of geologlc Interest. The transition from +4 to +6 has a redox

potential within normal range for geologic envircnments,

-



g 2HO == U022+ + b+ 2e (1.1)

E” = 0.32 to 0.33 volts (Hostetler and Garrels,
1962).

The primary source of uranium in the geochemical cycle is the

£

weathering of felsic igneous rocks where it is present almost entirely

as U{IV), During surficial weathering.processes uranium is oxidised to

+2
270

the presence of CO2 and at lpw temperatures and pressures, uranium is

soluble uranyl ions, UQ Hostetler and Garrels (1962) showed that in

soiuble in either thg U-valent (U+4) or the 6-valent (U022+) state,
"defending on the pH énd Eh of the solution, In oxidising environments

and groung'water systems, uranium transport occurs mainly as U(VI)

speclies, commonly as U022+’or in the form of theahighly stable complexes
2O H+ H
(UOZ)B(OH)5+ , silicate —U025103(0H)3'+ , sulphate U0,50,° , carbonates

such as fluorides UOZF* y phosphates UOZ(HPOH)Z?- , hydroxyl U0

UOZCOBO; UOE(COB)ZZ_; U02(003)34_ and organic complexes. The most
significant urahyl complexes in natural waters between pH 4 teo iO are
uranyl carbonates shd uranyl phosphates (Langmuir, 1978). These com-
plexes greatly increase the solubility and mobilify of uranium in surface
and ground waters.

Y

On the other hand, in redueing ground water eﬁv@ronments, the

as uraninite or coffinite. Concurrently, oxidation of the more abundant
species such as iron and sulphur occurs.

. 4 - + 2-
~ lsuoz(coj)3 + HS + 15§ -—s uuqz(c) + 50,

7 : ' + 1200, (g) + sﬂzb ' g;.z)

mobile uranyl species, U(VI), are reduced to’U(IV) and hence precipitate

o



Mo ver, uranium in solution can also be removed by sorptive

]
materials such ;;\;eolite, clays, limonites and organic matter (Dement'yev
\_—H
and Syromyatnikov, 1968; Doi et\a;., 1975; Andreyev and Chuvachenke,
1954), As a result of precipitation and sorption processes, uranium con-

.
tent in natural waters may decrease drastically,

1.4 Mechanisms of Uranium Isctopic Fractionation

The activity ratio of U-234 and U-238 should be unity in closed
\\geological systems older than one million years, according to the radio-

,//active decay series as shown in Figure 1.

At secular equilibrium, the rate of decay of zqu is equal to
that of parent 238y (Bqn. 1.3), and hence the ratlo of their activities
is equal to one (Eqn. 1.4).

N1d{ = NoAp ' - (1.3)

anq NA =4
Al _ KiNl .
Therefore, bl =1 1.4
. B2 aofz (1.4)

where, N1 and N = no. of‘238U and ZB&U atoms respectively

/
Al and A2 = decay constant of 238U and 23hU atoms respectively

A1 and Az = alpha activiiy of 38U and 3u'U atoms respectively,
However, in open systems that are exposed to weathering and ground—
water circulation, 238U and 23Q’U may be separated and a state of dis-
equilibrium is established (i.e. &1 # Ap). As noted, such disequil-
ibria has been observed in varioug water bodies (Cherdyntsev 1955,
Thurber, 1962; Dooley et al., 1964 ‘Chalov et al., 1966; Rosholt et al.
1963; Kaufman et al., 1968; Kronfel& and Adam, 197L4; Wakshal and Yaron,

1974; Osmond and Cowart, 1974). Consequently, several laboratody angd ’
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field studies have been done by the above workers and others to improve

the understanding of the mode of 238U and 234U fractionation.

Generally, two mechanisms of uranium isotopic fracticnation are

belleved tp be inQSTVed, resulting in the enhancement of 231J'U/ZBBU

. ratio in aqueous environment. The two mechanisms are:

(1) Preferential leaching of the 234y atoms;, and

(i) Direct alpha recoil of 234Th across a solid/liquid boundary.

238

During the three-stage decay of U.to %34U {Fig. 1), the high

energy particles liberated cause- bond breakage,.microfractuies and dis-
placement of 23l"U atoms in weakly-bonded or interstitial sites 7
(Cherdyntsev et al., 1955; Rosholt et al., 1963, 1964; Dooley et al.,

234

1964; Chalov and Merkulova, 1966). At these sites, the daughter U is

more exposed to the oxidising agents than the parent 238U and thus a high

activity ratio should be expected in association with the more oxidisihg
environments., Additionally, stripping of two electrons from zij atom
occurs concurrently during the decay proéess. Therefore the 23uu attains
the soluble +& valence more réédily than't@e tetravalent 238U. Hence,
fractionation of 23l"U takes place due to the more oxidised state from the
time of transition and thus no oxidising agent is essentlal. These two
factors, consequently, contribute to the increased mobllity and pre-
ferential leaching of 234U with respect to 238U. o ‘ )
Laboratory leaching experiments b& Chalov and Merkulova (1966),
have shown that solutlons tontained about 1.3 times zqu compared tc that
of parent 238U. However, 23h’U/ZBB‘U alpha acﬁivity disequilibrium as
great as 1200% has been recorded by:Kronfeld (19?3) in natural waters,

thus a leaching mechanism alone would not be suffigienf to explain this



phenomenor. Thefefore, the process responsible for a disequilibrium
state as hiéh as Jx or greater required mechanisms other than the pre-

ferential leaching of 23L”U atom. Kigoshi (1971) suggested that the main

3q’U in ground water is due to the alpha recoil of 234Th

238U decay, thereby enriéhing the solution in 234U.

source of excess 2
nucleus following
This is based on his studies on zircon powder suspended in diluted nitric
acld or sedium carbonate solution where progressive increases in the

23%T

amount of h were observed 1n the aqueous phase. Fleischer and Raabe

(1978) also observed a similar result. Hence, it is established that an -
234U

excess of

in ground water may alsc be supplied by the a-recoil of
234T

h originating from the solid surfaces of sand or clay particles; the

excé;;%guay be directly related to aquifer porosity and the age of the

Investigation of uranium isotopic disequilibrium in natural

water.

1.5 Previous 22u/2By studies

s
-~

environments began about 25 years ago. As noted, it was first reported -

by Cherdyntsév and Co-workers (1955) in secondary minerals and later

confirmed by several others (Chalov et al., 1959, 1964; Dooley et al.,

196k; Rosholt et al., 1966). )
Thurber (1962) used uranium disequilibrium for dating corﬁls,

though it gives a large error limit (¥35%). Other marine carbonates have‘

also been dated by this method (Cherdyntsev, 1965). Researchers at )

. McMaster‘University have widely employed uranium-series disequilibrium

for dating of cave deposits (speleothem), (Schwarcz, 1978). Chalov

and Co-workers (1966, 1970) have applied it to arrive at absolute ages of

closed basins in Russia. Cherdyntsev, Thurber and many others noted
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that, this techmique may be useful for dating geologic events within the

Plelstocene; however its main disédvahtage is the difficulty in estimating

the initial excess of 23 .
ZBHU/ZBB

Wide ranges of U ratio have been reported from a variety
of natural water. Kronfeld'and Adam (1973) found an activity.ratio as
high as 12.3 in the frinity Equifer, Texaé. They attempted to use excess
I 231‘tU to derig? ﬁhe absolute age_aﬁd the flow rate of the wéter. Kaufman
" et al., {1969) have applied'disequilibgium stud§§éﬁhs an aid to hydrc-
geologic.investigatigns éf the Floridanaguifer. Variatlons in isotopic
acti%ity ratios and coﬁcentrations were found to be related to the
regional hydrogeologic framework. GIoundwatersﬁdepletedj%y as much as
50% have alsc been reported from the Floridan aquifer (Kaufman et al.,
1965). Thurber (1962, 1965); Koide et al., (1965); Umendto (1965) and
Cherdyntsev (1971) have reported that the activity ratioc of uranium was
constant for all open oceans {(A.R = 1.14). Osmond and Cowart (1976) used
‘the concentration and isotopic ratio of uranium to calculate the uranium
residence time in the oceans and obtalned values of 500,000 and 220,000
years respectively. Thdmpson et al., (1975) studied the 23u’U/238U ratios
in limestone cave séepage waters and speleothem frem West Virginia. They
reported that 234U/238U ratios in the waters vary significantly from
month to month and their average values differ from that of the speleo- ©
then whiéh'they are depositing. Also, it was found that the degree of
23-u'U enrichment in seepage Waters varied from site to site even though
they are only several meters apart. Gascoyne (19?9) alsovobserved a
similar situation in cave waters from Kentuéky, West Virginia, the

Canadian Rockies and the Craven area .of Northern England.

N
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Uranium disequilibrium has also been used in prospecting for
uranium oreldeposits by studying the changes in uranium con;entration as
well as isotoplc ratios in ground waters (Cowart and qémond, 1977). Doﬁley o
and Co-workers (1964) applied disequilibrium to the problem of uranmium
ore genesis. Rosholt et al., (1965) observed that altered oxe bodies

have excess 2:‘}M’U, while unaltered ores usually show deficlency of'23u .

&
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- - CHAPTER 1II

THE STUDY AREA

-

2.1 Location
The study area is located at the abandoned Greyhawk Mine

(45° 01" 51JN; 77° 537 48"W), approximately 4 km. southwest of Bancroft,

Fardday Township, Ontarib. It encompasses about 20,000 sq. meters agd

is readily accessible by a gravel road toot exits south from‘highway 28.

The country around the Greyhawk Mine is hilly with most land falling be-~

tween 360 and 430‘m above sea-level. The study site is gene#ally flat

(elevation,

a.s.1l.)., Figure 2 shows topography énd location of the
. )

i

study area.zl

2.2 Geology
2.2.1 Regional Geology

1)

The general geology of the Greyhawk Mine and its surrounding area

(Faraday-Cardiff Townships) is reported in detail by Satterly (1956);
Lang (1962); Griffith (1967) and Hewitt (195?, 1959). The area lies in
the Grenville Province of the Canadian Shield. Bedrock formations are
all of Precambrian age, consistiog of two maih rock types: ~ (1) The
Gronville metasediments to the south (mainly marble, paragneiss and
amphibolite), and (1i) Plutonic rocks to the north (mainly granite,
syeoite‘and gabbro). They are. separated by a narrow band of syenitic

rocks and nephelene gnelss., Figure 3 shows the geology of the area.

11
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The Grenville metasediments are the oldest rocks in the area,

They were intruded by gabbro and diorite, follawed by nephelene syenites
and granites which w placed during fhe Grenville Orogeny. StronF
structural geformation a comp%;ied this orogeny; the principal structﬁrgl
features of the area were formed at this time. Aftér the last period of
Precambrian mountain building the wholg area was eroded to a penepiain of
low relief, During Pleistocene timeé the area was glaclated; glacial
ti11 and fluvioglacial deposits ofv¥sand and gravel cover much of the

- ]

bedrock.
2.2.2 Local Geology ; e

The terrain surrounding the Greyhawk Miﬁe is'underlain by.diorite,
metagabbro, amphibolite, paragneiss and marble (Hewitt 1959). The
plutonic rocks that outcrop ai the study site consist mainly of pegmatitic
granite and intruding metagabbro (Lang, 1962). The metagabbro bgdies
strike north east and pegmatitqp@ikes sometimes follgw jo%pt directions
in the host rocks. The uranium ore is found in porp?yroblastic leuco-
granite pegmatite and commonly occurs in magnetite~rich or quartz-rich

pegmatites. The radiocactive minerals inciude uraninite (UOZ)’ urano-

_thorite, allanite,, pyrochlore, betafite and others (Hewitt, 1959; Lang, :
1962). ' . \
2.3 Hydrology

1

The surface water drainage for the area is towards the south-
west, draining into Bow Lake which borders Madawa$ka Uranium Mine

(Fig. 2). A detalled hydrogeclogy survey of the study area has been

carried out by W. Clarke, Department of Earth Sciences, University of
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Waterloo. Water-level measurements were made on several occasions dur-
ing the study periocd (May to Sept. 1979) during which it was observed
that the water table fluctuated from almost one meter below ground sur-
face in the early summeryéo about two meters below ground surface by the
early fall. The gréund water flow directions were not changed through-
out the study periocd.

Basically, the ground water flow system in the area can be divided

into two components. In the eastern half of the study area, the ground

.water flow is controlled largely by the free-water elevation in an adjoin-

s

ing swamp. The water flows primarily in a south-westerly direction‘
through the aquifer and discharges at the lower free-water elevation below
a2 beaver dam.
»n .
In the central and north-western parts the flow pattern is more
complex, recharge water here enters the aquifer from the swamp to the
east of the study area and also from the north west. Nevertheless, both

components discharge into the same low-lying area below the beaver dam,

(Fig. 4). Cround water veloclties were calculated by the Darcy Equation:

X dh
=g R — (2.1)
Where, K = Coefficient of Permeabi&ity
(ranging from 5.0 x 1077 %0 5.0 x 10-3 cm/s)
n+ = Porosity
( 0.33)
dh

4

Hydréulic adient along B-9Q
S (W 10-§§ '

It is found that velocity ranges from 2.2 to 22m/yr- K and n values‘were

estimated based on previcus experience with similar materials (F. Veska

et al., 1978).
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2.4 Desecription of the Qverburden

Continuous and split-spoon core samples were collected from
several locatlons in order to obtain a good understanding of the composi-
tion of the aquifer. -The cores were taken at-six locations to depths of
aﬁéut 2.5 meters, using a Cgbra vibrator to drive aluminum tubes into.
the ground. The tubes were cut longitudinally and the stratigraphy was
rev;aled in a relatively undisturbed state. The samples wete found to

-
be highly heterogeneous. The dominant material vas a medium fine
sand, with frequent intervals of coarse sand and occasional intervals of
very fine sand or silt. The upper part normally consisted of- a brown
coarse sand with occasional laminatéd‘banding { 5 cm) of fine sand.
Médium sand occurred between 4 to 7 meters-and below 7 meters there was
generaily a mass of_grey, silty, fine sand.

Chapman and Putman (1951) noted that more than half of the total
area of Soutﬁern Ontario was submerged for a time during or immedlately
after the retreat of the last glacier. Therefore, the sediments here
are probably deposited following‘the event. The deposits themselves are
éiratified and generally free of stones, these features méy indicate that

the deposits are derived from lacustrine sediments.

2.5 Mining Activity and Land Use

Mining operations began at the Greyhawk in 1956 and were dis-

continued on April 8, 1959, owlng to lack of enough funds to mine ore of

acceptable grade. The uranium ore at Greyhawk was shipped for treatment
to the riearby Madawaska Mill. The ore { 800,000 tons) had an average

grade of 0.095% U308 (Canadian Mines Handbook, 1958).
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As a'resu;t of mining operatlions, two separate piles of waste
rocks have developed. Respectively, these consist mainly of granite
pegmatite and gabbroic rocks. The waste rocks were piled up about two
meters high on unconsolidated glacialéiYerburden adjacent to the outercp

(Plate 1). The size of the waste d€bris varies from boulder size to

small granular dimensions.

Vegetation around the area consists of tall grass, bushes and
deciduous trees. The land use is generally for recreation and wild life,

with a few cottages built in its vicinity.

2.6 Previous Studies of the Greyhawk Mine and The Surrounding Area

'There have been many geological investigations of the areé since
the early fifties. This area attracted geologists because it contains
many known uranium occurrences. Published studlesy étc. mainiy emphasised
the geology and uranium mining activity. The area has been mapped
geologlcally by Adams and Barlow {(1910), Sattefly (1957), and Hewitt
(195?, 1959). Reports on mining operations of the Greyhawk Mine were
filed annually by the Ontario Department of Mines, especially in the
fifties and early sixties. |

Chamberlain (1964} studied the hydfg;eochem;stry of uranium in
the Bancroft-Haliburton region and, using U concentrations in surface
waters, successfully to outline the many known uranium occurrences and
deposits ?hat togethé¥ form thelbelt of uranium mineralization. Creeks,
lakes and swamps exhibited a systematic variation in uranium content;

1.7 &o 1.5 to 1.1 ppb; respectively. ’

As‘a result of the intensive uranium mining operations in Bancroft

area, an fgvestigation of radiological water pollution was carried out by

1
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Plate 1,

19

Waste rock pile of pegmatite granite (pink) and Metagzabbro
(black) on unconsolidated glaclal overburden, Greyhawk Uranium

Mine, Bancroft,
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the Ontario Water Reéources Division in 1965, It was reported that the
waters had a mean Ha—Zé6 concentration of less than 3 pCi/l. However,

the groundwater of the Greyhawk mine that discharges southwest to a siream
flowing into Bow Lake contained about 106 pCi/1 of Ra-226 (Ont. Water
Res., 19565), '

Morse (1971) applied the principles of Ra-226 analysis to out-
liding favourable areas fqr uranium prospecting at Bancroft and compared
this methed with those using radon and uranium. Sediments and water
sampleé were collected from lakes.and streams and analysed for uranium,
radium and radon. His study showed that there is a positive correlayion
of the locaticn of high values .of uranium, radium and radon with the
contaét between plutonic rocks and metasedimentary rocks, along which
kmown uranium deposits are. concentrated. The water downstream from the
Greyhawk Mine had a-high contemb of both radon (90 t0 250 pCi/i) and
uranium (1.6~2.7 ppb). . o

Recently, the Ministry of Environment had repofted that Bentley

Creek which received much of its recharge from the Greyhawk area contained

between 1 to 50 ug/l of uranium and I to 7 pCi/l of Ra-226. As far as

the author 1s aware, no uranium isotopic work has been carried out in

the study area prior to the present investigation,
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CHAPTER IIT
SAMPLING AND ARALYTICAL PROCEDURES

3.1 Sampling and Field Procedure

quund.watér samples at various levels were collected from 17
stations on three occasions (July, Septembef and October 1979). Sample
localities are-sﬁown_in Figure 5. At these locations water samples were
taken at various levels where the plezometer tips 2;8 represented by
their depth below ground surface (eg., BS5.7 is the tip 5.7 meters below
ground surface). Multilevel sampling devices were installed in the
summer of 1978 (stations A to G and I) and from the pericd of June through
August, 1979 (J to Y and CGRS'-%4,6,9,10,11). )

The sampling device ponsists of a number of polyethylene tubes
contained inside a polyvinyl chloride (PVC) pipe that is installeé*in
the aquifer. Each tube protudes through the wall of the pipe at a
different elevatlon where it serves as a point water sampler and piezo-
metef. “The tip of & éh tube 1s enclosed in a fine-peshed—steel screen-
ing. For a more detalled description the reader is referred to Picken
et al., 1978. A schematic diagram of the multilevel sampling device is'
shown in Figuré é. '

Prior to sampling, a volume equivalent to or greater than that
initially in the sampling tube was drained and discarded. This was done
6§\heséectiné a 1-1litre Erlenneyer flasﬁ to the polyethylene tube. The

flask was evacuated with elther a hand pump or a portable peristaltic

pump, Tun by a 12V D.C. battery (see plate 2), All water samples were
’ . 21
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Apparatus used for collecting ground
various levels.,

water samples at
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filtered in the field using 0.45p filter paper because they seemed to
contain a fairly subs;;;E;al amount of suépended sediments (predominantly
silty sand). Two saméles were collected in polyethylene bottles froh
each site for radiochemical analyses (U content and U isotope). These
water samples were ‘acidified with coné. HNO3 to obtain a pH of about 1
in order to prevent precipitation or sorption of cations during storage
(Robertson, 1968). A

The specific electrfca.l conductance, bicarbonatfz atkalinity,
dissolved oxygen and pH of ground water samples were measured soon after ]
collection. The bicarbghate alkalinity was determined by a potentio-
metric titration methoé using 0.0IONH?SOu acid as titrant. For each site,
300 mls of water sample was collected in BOD glass bottles for dissolved
oxygen analysis using the Azide Modification Method (A. P. H. A., 1975).
Also; about 250 mls qf unacldified water from some sites were taken for
major cation and anion analyses (analysed by the Ministry of Environment,

Canada),

3.2 Laboratory Procedure .

The ground water samples were analysed for their uranium content
and isotopic ratio uﬁilizing the two analytical techniqués:

(1) Alpha Spectrometry Technique (isotope diluticn and iso-
tope ratio) and A

(i1) Neutron Activation-Delayed Neutron Counting (NA-DNC)
and Combined Fission-Track and -Alpha-Track Technique,

’

3.2.1 Alpha Spectromhetry Technique
N\
In general, determination of uranium concentration and its

activity ratic in water entails three najor steps (Veselsky, 1974},
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(1) Preconcentration of uranium from the water' samples.
.(ii) Separation of ﬁranium from other elements.. ™ |
1ii) PFinal purificatian of uranium and.preparatlon of countin
g
sources for alpha spectrometry. ~&

(i) Precontentration '43
To two-litre water samples, about 3 mls ‘of iron chloride solution

(100-200 mg of_iron) and a known quantity of 23, spike (to give a
comparable acfivity Hith the sample) are added, The resulting solution

is shaken. periodically for several days to allow 232U éraces to equilibrate
with uranium in the sample. Uranium forms stable complexes with carbon-
ate species and this might cause poor yield in the chemical extractien.

2
ions in the solution. Ammdhium hydroxide is

Therefore, thé sample is degaséed for about one hour to rid it of coO
wdich is present as HCO3_
added to the sample until a brown precipitate, Fe(OH)B, is formed.
Ugénium and many other elements, such as thorium are coprecipitated with
the fer:ic hydroxide. After the precipitate has settled the floc is
separated from the supernatant liquid by decanting and centrifuging. The
hydroxides are dissolved in 9NH&‘»(about 20-50 mls) and the excess of
iron is extracted with isoprapyl ether.
(#1) Separation '
Tc separate uranium ffom interfering elements, the SHCL solqtidnwé:/
1s passed tﬁrough an anion resin (Aéil—xs, 100-200 mesh chloride form,
Bio-Rad laboratories) column‘(jmmfinteinal diameter and 15 to 20-cm
length) that has been preconditioned witgﬂﬁlHCIQCLi. Uranium and iron

are absorbed on the anion resin in a strong hydrochloric environment.,

whereas thorium, radiwm and various alkalies and alkaline earth elements

’

—
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are not. Uranium is then desorbed with 0.1 HCL ( 60 mls) and evaporated
slowly to dryneSw,

It the_uranium residue appears fairly substant%al and brown‘in ‘
colour, it is boiled to dryness under reflux with 2'ml concentrated HE?B/
HC1 to remobg crganic materials that maybe qerived from the sample, gther

" or decomposed resin. If the residue is still brown or red, ;gé more
ether extraction is ﬁerformed by'dissolVing the(fesidue in a little 9Nﬁ3§>
acid. The sample is then transferred into a centrifuge tube and about”'L
an equal volume of ether is added. It is then siuished for one minute
with a fasteur piﬁette; fhe aguesus Ia&er is separated intc a 100 ml
beaker and evaporated to dryness again. A clear ;esidue‘i;‘usually ob-

tained after this treatment.
~

(1ii) Purification, Flectroplating and Counting

The residue is dissolved in 5 ml of electrolyte, evaporate to
almost dryness and.then taken up again in about 50 to 60 ml -electrolyte.

Electroplating isiﬁarried out at 12V and a current of about 0.8 Amps. on-
B N 2 &

‘to a clean, stainless steel disc which has an expoipre area of 380 mm™.. N

-
~

‘The details of the electroplating procedgre is given in Appendix 17'

The activities of the uranium isotopes are détermined on an élpha
bpectrométer. Eg. Fiéure 7 sths an actual alpha particle energy épectrum
for sample GR44J4. A detailed description of fhe-equipment can be found in

Thompson (1973a). Uramium concentration and uranium activity ratio (ZBuU/
238

““U) of the water samples are detemmined from the alpha_spectra using’
equations 3.1 and 3.2, respectively.
) 238U vy '
U Concentratiol U = s X B X —& (3.1)
W 232U VH p
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Fig. 7. An_Actual Alpha Particle Energy Spectrum
of Uranium in Groundwater.
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TR .
o
U Activity Ra% (?‘%U/ZBSU):
A 23y 4
/7" . A.R = Z—B-BE . (3.2) .
' where, U, = Conc. of uranium in wated (ug/1)
2325 = observed activity for 232 (Cts./nin.)
234
23“U = observed activity for v (Cts./hin.)
238 _ . 238 :
' o U = observed activity for U (Cts./min.)
|
B = 238U equivalent spike activity constant )
(22.7 ug/1 = 17 dpn)
VSP = volume of spikg addéﬁfto water sample (mls)
V, = volume of water sample (litres).

¢

A more detalled description of the calculation is obtained in '
Gascoyne (1977a, 1979).

3.2.2 Neutron Activation-Delayed Neutron Counting (NA-DNC) and Combined
Fission-Track and Alpha-Track (FT-AT) Technique

The main objective here 1s to develop a new method for determina-
tion of 234U/238U ratio in natural:waters. A litrb of filtered water
sample wWas ccllected for this purpose. Uranium was extracted from the

\‘_///sample by- coprecipitating it -on Fe(OHjB, without addition of 232U spike.

The rest of the procedure for U-extraction is carried out in similar way

as described above. .

Thermal nethon aétivation followed_‘ delayed neutron counting
is gppiied to the analysis of the uranium content of the ground water
samples. From the analyses carried out by this technique it was hoped
to detexrmine:

(1) the efficiency of coprecipitation of uranium with Fe(OH)
from water samples, and
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* (ii1) the uranium content in the water samples quickly and with a-
good precision,
- Delayed neutron counting has beeA used extensively to measure U
"\;\h“ and Th conté%ts iﬁ a variety of geological materials {Amiel, 1962; Amiel
- et al., 1967; Gale, 1967; Cumnning, 1974). Basically, the technique
depends on the fact that fissionable nuclides such as U and Th yield som;
fission products wlich contihue to emit "delayed" neutrcns in their sub- /
‘\fjguent decay to stable nuclides. *
The hflf—livés of the delayed neutron-emitiing Precursors range
from a fra&}ion of a second ?o Just under a minute iel, 1962). These
- ‘rneutrons cagqbe detected and counted with good discrimination even in the
presence of large amounts of other radiations. This makes the technique
highy épecific and sensitive. The thgp;y underlying.the technique and
analytical procedure are given in Amiel,(1962), Millard (1974), Cumming
(1974), and Boulanger (1976).
‘ This technique is non-destructive (in the sense that damage to
the samples is limited to that caused by the short exposure to nuclear
reactor radiation§) and therefore allowlng the same samples to run
several times. Furthermore, after allowing aﬁy‘ﬁo-induced radiation to
-"bool, the samples can be used @pr the determination of 23L"U/ZBBU ratio
by the combined fission-track aéd alpha-track technique (described in the
next section).
The feasibility of uranium determination using induced fission ‘
tfacks‘in a sultable detector was first shown by Pric; and Waiker (1963).

Since then, many applications of the basic Procedure have been reported

(Fleischer and Lovett, 1968; Fisher and Bostrom, 1969; Hashiﬁoto, 1971),
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Fission track studies utilise either spontaneous or Anduced fission of
- »
/

heavy eleménts (ef. U). 235 can be induced to fission by exposure to
thermal neutrdns. The fission fragme#ts thus produced move in various
directions leaving tracks of damage on an atomic scale in the mate;ial
through which they pass. The'traeks can be preserved in many non-con-
ductive solid materials (eg., muscovite) ana they are revealed by etch-
ing. The tracks can then be counted. The number of tracks produced for
any gliven irradiatién condition is proportioral to the total uranium
content of the material since the 238U/235U ratio (137.6) is essentially
constant in nature qith the exception of the Oklo "fossil reactor”.
On‘Huéfther hand, much Qork on uranium alpha tracks has not
.been done until the present time. " Huang aﬂd Walker (1967) observed
a-recoil tracks in muscovite and phlogopite. Isctopes of U and Th decay
by emission of alpha particles. These energetic alpha particles impart
a significant amount of recoil energy which damage the surrounding area
of the cxystal. These a~recoii tracks are pre;;rved in some materials
(detectors).. The tracks can be enlarged by etching and can then be
counted, \ , ' f
In brief, the Final 234U/238U ratio is obtained from a regréssion
curve of alpha track density/fission track density versus 234—U/238—U

ratio. This will be discussed in chapter 4.

3.2.2.1 Therpal Neutron Activation-Delgyed Neutron Counting

The precipitéie, Fe(OH)B,_was separated from the supernatant
liquid by decantingand ;entrifuging. The sample was washed with about
2 x 10 ml of delonised water, transferred to a petrl dish and dried over-

night in the oven at about 70°C. A blank sample, Fe(OH)B, consists of
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all the reagents used in the copfecipitati n method is also prepared in
the same manner. The dried sample was thetmkept in a plastic vial and-
irradiated at McMéster University nuclear Reactor, currently operating at
a power of 2 MW with a thermal flux of 5.0 x 1012 neutrons/cm?/sec. The
analytical sequence consists of 30 sec. irxradilation, 10 sec. delay aﬁd
30 sec. count. The uranium content was calculated by comparison with
standa?d sigples which has undergone an identical i}radiation/delayed/

counting history.

3.2.2.2 Fissipn-Track Measur;ent

3.2.2.2.1 Pxﬁéaration of Trradlation Sample
7 _ .
After allowing for any N9-induced radiation to cool (usually

about one week), a routine uranium extraction was carried out as described
pre%iously. AMso, a few standardg of known uranium isotopic ratio were
prépéred (standardg with 232'LIJ/238L$ra’c:’ms of: 1,00, 1.40, and
1.85), '

A thin muscovite layer was placed in tontac th the sample
(using scotch tape). Two sets of samples (J and Kg;;zi;i;;;;ared. Each .
set contains about‘15 samples and 4 standards ana these.we;e sandwiched
with ai;minum foil; The samples for each set were chosen in such a way
that the uranium contents are comparable with the standards. _Irr;diations
of sets J and K were performed in the RIFLS-9E position at 42 and 51 cm
below the 1id, respectively. Different neutron fluences were selected
in order to attain a reasonable number of tréiks. The estimated total‘
fluence used for sets J and K were 8 x 1011n/cm2 and 8 x 1012n/cm2

respectively.
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3.2.2.2 Etching and Track Counting N

After about a week of codiing, the muscovite detézﬁors weré
etched with 49% HF acid for aboﬁt 20 minutes. at room tempeghture. After
etching, the detectpré were washed with deionised water a few times
(6 to‘7 times are usually sufficient), and finally with a 1ittle ethanol.
They were then dried. Fission tracks were observed under an optical
microscope at 320x magnification. A g;id agd the tracks were then-
projected on a TV screen and counting of track density was done visually.
Figure 8 shows fhe a;;angement of the counting system used.

Counting of'tracks was carried out byéé%xing the microscope stage

/

in a given position and all tracks in the field of view bounded by ‘the

square were counted. If the tracks cross the line they were only counted ’

if the beginning of the tracks fell within the square; this can be
accessea by adjusting the f;ne focus control so that a clear visibility
of tracks is obtaf%ed. When the counting in one field was completed,

the stage ﬁas moqu to the next boundary and the counting process was
then repeated.” The tracks were usually counted for 4 or 5 stripes depend-
ing on the track density; each stripe consists of 50 squares (1 sqﬁéfe =
0.0506 mmz). They usually contained greater than 10,000 tracks in 200 or
250 squares; the selected area for track counting is shown in Figure 9.

3.2.2.3 Alpha Track Measurement

Cellulose nitrate £ilm (CN85) was mounted in contact with the
samples for a period & ,q;q 2 days for sets J‘Eﬂd K respectively. It
Was fpund that sufficieﬁt numbers of alpha tracks had been accumulated
| duriﬂé these periods. The films were then etched with 6.25N NaOH solu-

tion at 303100 for a period of 12 hours. Finally they were washed with

o N

TN
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delonised water and air-dried. Counting of track density was carried '

out in the same way as for fission tracks.

3.2.3 Mater Chemistry Analysis

The chemical constituents analysed in the laboratory ihicluded Ca,
Mg, Na, X, 804, F, 8i, Mn, Fe, Zn, total P, Cu, Ni, Pb, As, C1 d Mo.
These analyses sgre done by the Dept. of Chemistry, University of Water-

loc and by the Ministry of Environment, Canada. The major cations were

detﬁgzﬂned using conventional methods as deseribed by ALPHA-AWWA-WPCF
/

(1973). Cazi; Mg2+, ¥at and k7 were analysed on a Perkin-Elmer-305

B _\ ~
Atom§§:§p§grption Spectrometer. Sulphate was measured by U.V.\spectro-
photometry and 4hloride measurements were dofe petentiometrically using

A )
specific ion electrodes.

3.2.4 Soil and Waste Rock Analysis

r

Approximately 15 gnm of soll sample was placed in a 250 ml pyrex
beaker and wetted with distilled water. One ml of 277U spike and 3 mls of
iron hydroxide solptions were added. 50 mls af concentrated HGl was sloul}
added. The sample was then left to stand overnight. It was then boiled
on 2 hot plate for 20 mins. The acid solution was filtered and the resi-
due discarded. The solutlon was then diluted to about 500 mls. The re~
q//mainder of the procedurg is the same as that previously described for water.

One gram of powdered rock sample was placed in a teflon bomb. 1 ml
of 22y spike solution, about 8 ml HF and 2 ml conc, HNO, wefe added. It
was then heated on a hot plate for about 6 hours., The solutlon was then

poured intc a polyethylene bottle containing ﬁaric acld solution and iron

carrier. The remaining chemical procedure is the same as described above.



CHAPTER iV
RESULTS AND DISCUSSION

4.1 Geochemical Investizations

Bicarbonate alkalinity, ‘pH.and specific electrical condﬁptance
were measuretl in all multilevel water samples taken in the test holes.
Major cations and anions were determinegffrom only a few of the ground .
water samples (analysed by.the Ministry of Environment, Ontario., As a
conséquence, computation of fhe spluble lon balances is not practicable.
Results of the analyses are given in Tables-1) 2, 3, 4 -and 5,

Bicarbonate concenitations In the ground water samples ranged
from 3 to 295 mg/l, with most; of #fem Gontaining less than 80 mg/l.

This range (3 to 2.95 ng/1 HC y is surprisingly wide. At the low end
(5 to 30 mg/1 HCOBH), it sug s waters practically deprived of soluble
weatering préducts whilst at/ the high ehd it compares with most condult
ground waters in carbonate rocks. Tpis is a remarkable rénge for what is
a small gecgraphical area. . :

Figures 10 to 22 show the\profiles of bicarbonate concentrations
in the ground water. It can be seen that the high bicarbonate values are
‘usually found at the deep sampling sites. A distinct feature is that
sites closest to the edge of the waste pile (K, B and J) show high bi-
carbonate even at the ;rater table surface (70 to 100 mg/1) and a trend
for concentration to double with depth to the limits of tﬁe test holes;
sites a 1ittle further downstream (V and X) diéplay only 15 to 30 mg/1

bicarbonate at the water table but greater proportional‘increase with
2 . .
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Table 3 -~ Chemical and Radiochemical Compositlon of Greyhawk Ground water fo
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Table & -- Chemical Compésit:ion of Greyhawk Ground water
s, ca” . wo,” wnat K @t mg s F P

Location (mg/1) (mg/1) (mg/1) (nz/1) (me/1) (mng/)) (mg/l) (mng/1) (me/1)  (mg/1)

K-\( . ' ’

- Y72 62 1.0 - 16 2.8 31 2.0 3.15 0.1 0.00&
3.72 . 167 1.30 - 3.1 3.6 60 5.0 2.7  _0.1 0.001
L.p0 290 0.95 - 3.5 4.35 99 5.7 3.65 0.2 0,003

B- . "t

v 2.2 6 2 0050 - 2.2 3.5 90 4.60  3.95 ., 0.1 0.003

- 5.7 195 *  0.55 - 2.8 4.8 ol 3.35. 2.75 0.1 0.00

Q- . . ‘ ' )

v 2.65 149.0 "0.55 - 1.7 242 214 2,35 4.5 0.1 0.004

“v L.15 60,0 0.70 - 1.9  1.85 22,6 3.%5 5.5 0.1 0.005
5.85 "117.0  0.80 - 3.4 2,65 42,0 7.5 5.9 0.1 . 0.008

GRY~ ' . .

v 1,64 158 .0 0.1 3.0 1.6 51,0 . 7.0 - - _
1.90 190 .0 0.1 3.07 4.0 66.9 7.0 - - -

GRG- 4 ' |

v 1.89 118 * .. 20 0.1 2.0 1.6 E E - - -

v 2.14 350 - - - - - - - - -

v 2.39 200 20 0.7 3.0 © 1.8 69.0 8.0 - - -
2.59 220 - N - - -t - -

' GR9- )
v 2.07 80
v 2.27 105 :
2.57 120 <
~ 2.82 180 -
GR10- _
2.15 70 Vs

* 2,35 60

< 2.65 160 2

~ 2,90 180

GR11-

- 235 30

v 2.65 20

v 2,90 20



Table 4 (Cont'd.)

2- -
3 . CL NO
S0 N0y

Nd+

K+

2+

Ca

Mg2+

42

5i F F

Location (ne/1) (ng/1) mg/1) (mg/r) (a/1) (ng/1)_(ng/1) (ng/1)_(ng/1) (ng/1)

—

K...
“l.22 62 1.0 -
€ 1.72 69 6.0 1.8
2.72 124 1.0 0.1
3.22 167 1.3 -
3.72 % 2.0 0.1
4,22° 290 1.0 -
4.60 214 3.0 0.3
U_.
v 2.52 3
3.29 10
v 4,06 12
4,86 18
5.63 16
637 -
v 7k 15
7,91 15
v 8,89 27
»11.80 8
N.B.: 1.

samples indicated by a (+)
2. All samples were analysed by the Ministry of
. A} .

v Analyses for alkalinity,

'H

16,0
3.0
2.0
3.1

- 2.0
3.5
i1.0

ete. also given in Table

2.8
2,8
2.9
3.6

1.4

bk
2.2

P

53!
54
60
29

99
90

01

2.0 3,2 0.1 -
4.0 - - -
5.0 _ 2.7 0.1 -
5.0 - - -
5.7 3.7 0.2 -
13.0 - - -

All water samples were sampled on Oct. 29 and 30/79 except for the
mark which were sampled on July 9 and 10/79.

E?xironment, Ontario.

1 or 3 for these samﬁles.
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Table '5 -- Trace Metal Composition of Greyhawk Ground water
Mn Al Fe Zn Pb Ni
Location mg/l mg/l mg/l mg/l mg/l mg/l ‘
GR1- |
5 0.0k 0.54 0.13 0.29 0.03 0.02
6 0.07 0.70 0.0k 0.08 0,03 0.02
GR2-
4 0.30 ~ 0.16 0.25 0.149 0.03 0.02
6 0.07 0.91 0.08 0.10.  0.03 0.02
GRis- |
R 0.89 11.0 0.17 0.38 0,03 0.13
vo1.64 1.50 16.0 — 0,50 0.37. 0.03 0.21
B- ‘ ‘
+ v 2,50 0.70 - 1.80 0.04 0.08 0.02
+ v 5,68 0,02 - 0.04 - 0.05 0.08 0.02"
K- ‘ -
1.22 0.09 - 0.04 0.86 0.08 0.02
1.72 0.02 0.04 0.0k 0.21 0.03 0.02
2.72 0.02 0,03 0.02 0.11 0.04 10,02
3.22 0.03 - 0.0~ 0.54 0.08 . 0.02
3.72 1.70 0.02 1.0 0.41  0.03  0.02
4,60 0.05 - 0.04 0.35 0.08 . 0.02
8.03 045  0.02°  0.06  0.06  0.03 0.0
0_
2.40 0,06 0.04 0.15 0.12 0.08 0.02
. 2.90 0.56 - 0.66 0.14  0.08 * 0.02
3.90 0.40 0.04 2.10 0.04 0.03 0.02
4,90 0.63 - 0.71 0.45 0.08  0.02
5,40 0.09  0.02 0.92 0.05 0.03  0.02
5.80  0.06 0.02 1.20 0.06  0.03 ez O\
7.70 0.52 0,02 6.40 %ﬁﬂf 0.03 0.02
X

s/



-

Table 5 (Cont'd,)

Mn N Zn ©  Pb Ni
Location ng/1 mg/l1 ng/1 ng/1 ‘mg/1 mg/1

Q_
+ v 2.5 0.21 f - 0.04 0.21 0,08 0.02
e T 1,20 - 0.3t 0.20  0.08 . 0,02
+ 5.85 1.20 - 1.51 0.3 0.08 0.02

P- . .

1.50 0.2t - 0.14 0.05 0.08 0.02
2,00 0.13 - 0.04 0.05 0.08 0.02

Y
3.29 0.25 0.02 0.25 0.16  0.03 ° 0,02
4,83 0.48 ' 0,02 1.40 0.42 0.03  0.02
7.1k 0.13 0.02 0.28 .0.32 0.03 7 .0.02
7.91 0.11 0,02 0.23 0.14 0.03 . 0.02
14,45 0.10 . 0,02 0.08 0.03 0.04 0.02

N.B.: 1. The chemical constituents which were analysed to be constant
throughout 2ll the analysed water samples were:

Cu 0.01 mg/i

Cr c.02
S cd 0.05 "
As 0.01 " ’
Mo o.o4 v
2. All samples were analysed by the Ministry of Environment,

Ontario.

3. All water samples were sampled on Oct. 29 and 30/79, except |
for the samples indicated by a (+) mark which were collected
on July 9 and 10/79. -

v . Analyses for alkalinity, etc. also given in Table 1 or 3
for these samples. )



45

g 3J1S dHO4 S13Ad1 SNOI/VA 1V d41LvAANNOYO
v_>><_|_>m_m© 40, ZO_._[_m.On_S_OU TVOINIHIOOIAVYY ANV ._<O=>_m_IU ‘Ol 914
i - 0ds ! oov \_l odz .| ooz J o o'l .ﬁ_, zh i Joee loo_ 05 o ?
___ \\\ “_ //‘ ’ /;.lllr )
LA " . * b T 51 BN
- ,r /rr;_u . - _r l\ / _— ,./l, %
__* \\u\ / \\r ,.._,a _—_ _.-a =
; e /] A o7 ~
N Lo ) i _, - 3
o " m 4 + 4 .N(
< -«
. -ldag =
, - . f , , >::..+
d | — (/) (*ODHIBw) H a
H puon) oi1j10adg yuijey|y Dmow \Dvmw Ann_n: E:_:m._D.




3
ANNOHD M

(6261 Ainp ul paidwes) P 3LIS HO4 1FATT SNOIHVA LV HILVM
MVHAIHD 40 NOILISOdWOD TYIIWIHO0IAvH ANV TYIINIHOD L1 DI
L 3 s |ooo . ’ - ’ 0 s v " les < T . T
»_._. .../ \ H« ) - I._fln "../ 21
..__ /, . / o | __,. //
_._ & /,/ ,__, _’__ ' /,
..... ,/ .,,_ - /_ .,/ .M
._. /. . / .._ - ,/ n M
_w ; - N
i : + h
4___ ) /a/J.. ._“1 ' ltMll +\
© . _ . :
s’ ; . | .
Hd .U:OAOEWR_UQQW ﬁ..S._.:\_wE;u_::mvzq Ngez / Neez Ann_n: wniue.in
.



47

W 3LS LV S13ATT SNORIVA LV ¥3LVMANOYD |
DINTHD 2t "D

WNVVHATUD 40 NOILISOdNOD TVIINIHOOIAVY ANV 1V
3 I osr osz | ooz 0 . v’ eofor ' os ' 0 T T 7
- u_ [
A _q_. f/ll
) |
AY _—_ // ..__ ‘ /// g o.
/f / /.1/ ﬁ— I// . ﬂ
\ [y N | // o -
\ N N ~ T
™ h * - o
/.r - “ “ e .cw .
-, ﬂ.lr é _" 7 e 7 -
\\\ /Ilvl ) \\ ._\\\\ I I s\\ ) .._
» “n L 71
! “ \ “ _,— \\ /
. " Y - —— ny 4 N
- A .
: .) ydag =
Anp + -
; wo/sI7) . : °
Hd ( A \D ddy wniupi
-puog iy100dg Uy | ese/ veel (479 et




YILVAMANNOUD

91

<
© "D LS T W04 STIAIT SMOIWA LV
AMYHA YD AHL 40 NOILISOdWO0D ) 4<O_fmIUO_D¢E ANV TVOIN3HD -1 "Dl
© ) 5 s oor ' o0z ' ) oot ' ...u....im_.— 9 - ¥ &1 oufos ! o et i
= i % LA _
\ | A :
! \ A\ e
i [ \ ﬁ
1 } \ / J & [
\ \ [ |
i \ / / .
\ ! v
\ \ \ .
/ f— / / \ o
' \ N Vo |
\ ! = \ / 2]
\ __ d Ao
1 \ \ /
\ \ Vo -
—__ __ A /
A __ __— / bor
“ f_ - 1 1 / - Q
1 \ \ \ \ m
' ' ! (R -
__ ! \ ,_ \ / —~
\ /. .f \ \ \ e T
—_ ! ! ,_ _.,. / 5
| ,_, _,, __ . 5
. ___ \ %
ﬂ M J. l_ Y [
] _ / “ /
. \ ! \
- \ ! \
n B, " - ,
| \ A |
| \ O
] N \
1 \ )
n - * m
- -z
.mmum =
i ’ I Ainp +
d |(w>o/fr)puo~ *ODH Bw _ _
H m \ JpuoD) a1y1oedg m_c__n.v__d‘ 3@2\3_5N {qdd ) wnlunin




b9

AJOAJ0BUSEY | pUE()SA)IS o4 Sjene] SNOLEBA Je Jajem

pLUNoJS) meyhals Jo uollisoduion

[EOjWaL0IpeY puB |BOIWBYD "Gl 1Isbl 4
8 .MA s s | omfn o0t got o.".x 00t o ot _..“_.. FA om«. o0z oo 0% oL s i u
_. /a /'1 N a/ IIIIII h] [+1)
. A /. \ rl.,l
._ : ~ * S~
/ / f/, z/f t:.:..l..
\ N AN A Tl
A b b » r ’
' \ I 7 !
' A ' ’ '
1 __ . . - ___f
! : H / [
\ M K g
p 0 A X " F
‘ » 4 s, J
bl X o s . r_
._. ._/ /— ._. v
& . "] » .
G1 B ¢
o
N m
¢ 0O
l
}. A !mf - " - 21 L
v N M ,/rlla __“ :rﬂnn..rllt —
o,’ ",_. .fM'// ~. I.r..tl:lltnl w .
T | . ,.,,,/ #. ‘:J:IIHN..: oL
NN __. ._ //z . _._— ltllllﬂn.”.. .
- Q) N w \& 1 ’ - l::..rﬁ../
X! /rh S0 .
L1 * A | . . e o
W 1 ’ ) [2 SOt
i Pl ?
[ E kS 1 1
51___ i X J/ \J.‘ 9
Ao N NN LA
K ._ L , —/ fﬂN b \.x ...
/ . ! \ o ]
s b b . 190 —a L g
' n \s\\ o + uQ&Wl - e “* ._..
o’ R d
¥ : . . 1 614
wa/sm) £ d
d ( Soon tfsu)Apiulle (add) WNINVHN
H ‘puoy) o1J1oadg ( ) Rntutiestiy Ngez / Nyez .



50

"A LS HO4 S13A37 SNOIYVA LV HILVMANNOHO
AMYHAIHD 410

NOLLISOdWOD ._40__2\&:00_03“_ ANV TVOINTHD 9L “Did
v I 5 3% | o | g ME oz ' oo | b |vly @b b | Oa ¢ Z
! . __ \ o \ * M
_d_ __ f/ \ __ F91
/ } .—— /zr —_ “_
1 -— 1» __ !
__ , / \ . " 348
__ ._ // - —_. |
__ .—— Jr/ -— __
_— _, K . _. “ m_..u
' A AN \ | i
,. .__ N —_ ) M
\ \ / ' | - -
_—- _,. // ,— “ o-m\
. . \ !
4 : ¥ 3 'Y
! \ i {
\ 1 ! . 8
__ ___ _— . ___ . / 1/’
._ \ __ ! h
\ 1 H ] /z
\ \ 1 ! N
\ 1 1 ] \ g
\ ' ' ! ) N
\ \ 1 t AN
1 ! 1 ! .
i 1 1 1
) § ' L b
1 ! \
. - m_ - 1]
- )
. < _.\ o .
H (W2 sry) . -
\.r\ "puo) o_t.omn_w pMOOI _\mEv>u_:__mv=4 @nN\Dvnm ann_n: E:Em..:




‘X 3LS 404 STIATT SNOIHVA 1V  HILYMANNOHO:
A AMYHATHD 40 - NOLLISOdINOD .._<O__>_m_._uo_o<m ANV TVOINIHO ZL°O1d ~
! a 5 obe ol oo : o5l o.. ox ' o 9t vh ¢ o1 b . oz g v o
| R QU . R
,_, _/ // //z ////// o
5 B, y b "oy
__.. /./ ._,__ \\ P ™ /./ . o
* _._ // __ .... ™ m
_.. / } / .._. .u.H._
A | b & d . v g
4
(W2 /s1Y) oA aVALY . o
, Hd  |-puon) a1}100dS A 3_:_\_9‘_&. Nee \ Nye, (qdd ) wniuein




ANV 6 4D S3LS HO4 S13ATT SNOIYVA

‘AT3AILD34S3Y 0

LV "3IYMANNOHYD- MMVYH

AZHO 40 NOILISOdWOD 1vDIN3HDOIAYY ANV IVIIATHD .ﬂf@_wom
‘8 s v £ ods ' oot T oot oF o L R T N T p ‘. ST 7 I
_u/ , Bl _ 3 . _.-—0 ¢
2 o A Y P
o d o’ B o 3
6614 - L, O
- (D
_ T
0
03,
...... O~-el - mr,.!.: .| ©
2o ,-f.d._ \\n_\ ,..:.d, T
’ gL°'614
ﬁ wo/S1v) | (foomi/bu) : °
Hd 'PU0) dudads | Apunenty| e/ T (add ) wniuein




ANV 11,849 STLS 1V S13ATT SNOIEVA IV H3ILY

“AZHD. 40 NOILISOdNO2 TVIIW3HOOIdvY . ONY

T T

“ATIAILOA4STH 9

MANNOHD MMVH
TVIINIHO ' 22 ‘le‘oe SOI4

9 g & ] b T omm.ﬂ " oot | ooloe 02 n.,& ofes m_um I fos = ot - oL .n“m h z 52
L., hY \
4 A b < A
_. S \\\ \ ._ ’ \\\ t
& a o ) o’
A * V ZE'6l 51
) \ . -
) N / %
NG
Tk TR
b ! i \
| ] ! ,.
/U H \
mu m— & d A &. tz-6id
-l [
/ <
N
9 J ol? o5
.— _.. “ I/ s
_mV ‘ ﬂ G'l \W. \n\
“ = .. fl:l» \\\ \\
8 d o m o
A .
0z B4 l\
L
Hd' lwo/kn)puod oimads | Ayunesy :aw\ N EMMJIE*_:E: -

k3

A



54

deﬁth, about 10 times. This is an initial suggestion of a2 plume 61; hard -
water descending within the aquifer as it flows from the waste pile.\\
Howeﬁer, water samples taken f‘rom sites GR9, GR10 and GR11 gontained low
bicarbonate concentration even tﬁ‘ou;gh they were located close to the

waste pile; here, it is supposed that conditions had not stabilized ‘at

the time of sampling ai'-ter the disturbance of the clearing operation Bf

the wa.sfe pile. 1In general, bica.fbonate ha.;:dness at the water _table'
everywhere ért the undisturbed sites closest to the piie are sufficlently

' ' - L
low to indicate that negligible/H003 is being produced by ypathering of

& the é.quifer sand in the vadose gone. It was found that these sands con-

. tain negligible ca:cbqné.te material. It tg._s supposed, therefore, that the -

‘bicarbonate content in the waters is produced from dissolution of carbon-

——— -

ate minerals such_a.s dolomite and calcite that are assoclated with the
metdgabbro and'perhaps fromL dlssolu:t;}c‘n' of nearby magble, Additionally,

i} may be produced by solution at the bedrock surface and in fissures

and joints within the rock. Furthermere, part of HCO, may be produced.

3

from the oxidation of organic matter. The reactions for calcite and

dolomite dissoluticn are represented a.s}aﬁws: B

' Calcite Dissolution Reaction: C‘?’ : e -
Rt .
- ‘4 e -
+ P + HCO
HYO + Cc_’; = K §CO, )
S H™ + cacO, == ca®" + nco, . '
, o 3 i, 3. - .
_ - . . ) _ /“’—N N
H.O + 00, + Cag0_.== Ca?t + 2HC0.” (k1) -
2 2 3 3. :
Also, ' . N
+ 2+ - j /-
[Cal0y + Hy0 + H &= Ca” + HyC0q + OH (+.2)
' ™ : -



" values are usually observed for waters near the waste rock and at the
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Dolomite Dissolution Reaction:
+ - -
2H,0 + 200,7= 2H + ZHCO,
o' + Calg(C0,), = ca® + mg*t 2HCO,
OH O + 200, + CaMg(CO.). == Ca’® + Mg>' + hHco.~ (4.3)
B 2 372 3 '
l M=o, ) ' '~

CaMg(éo ), + HZO + 3H+,_—_."_ caZt + ugtt + 2Hc03' o (bk)

:The most 1ikely mechanism for pro:i?lcing an acid medium (e@s.
4.2 and L. 4) is oxidation’ of p;yrite (will be discussed bel-ow) pyri‘te was
found to be associated with the metagabbro. The SwOf H ions may
also b% Eii:;riblitfed‘to ac;id'rain and‘ STIOW. . Loos

The. electrical h,c_:\onductance _,gf the ground--wé._ter samples ranged
frem 50 to 680 uS/cm. The majority of the deteﬁnina:tions a.fe above
200 uS/cm. Figures 10 to .22 show the distribution. No very strong
trends for the specific electrical conductance are observed. Thz varia-
tion is compiex,. especlially for shallow water §am%es.' Hohever,‘ high
d-eep sites. Also, there is some trend to gradual decrease conductance
values as the- water flows ‘away from the waste ro::k. The mi;lég{y of .
the conductance pa.tteins,,is probably caused by the follqwing factors: ‘
| (1) Complex flow patterns and varlation in hydrailic

conductivity resulting from the non-uniform n tu:-:e“,F the
aquifer sands.

~ -
(ii) The presence of vaxying sQurce areas @ich are not a.deq_ua.tely

identified; eg. differing composition at differ
on the rock pile, and .

* (141) Effect. '_ b activity during thWé the miné (
5 B

, >
: : s

N

\"
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3H vaiuqs, in gener;l, varied from 5.0 to 7.6, except for site
GR?-Z.BZ\(pH = 3.2). The higher pH values always appear at deep sampling
sites. There ié an evident ‘relationship withiblcarbonate concentration;
high pH'vglues are also assoclated with high-ébnductangg values.,

Dissolve@ oxygen values vary from 0.6 to 10 ngi'witﬁ-most being
in exciiiifzigmé/i. These values suggest that the would be.in excess
of a. few hundred mV. However, base@ on the reduced'appea;ance (érey) of
the soil samples collected about 2.5 m below ground)surface during the
would

have been expected. Moreover, water sample from site V-16.59 con ‘

drilling progfamme, Eh values near zero or in the negative ran

HZS gas which is certainly an indication of a reducing environment. ,The
validify of the dissolved oxygen results is therefore questionable.>
The laboratory analyses of Mg, X, Cl1, F, Si, Zn, total P; Cu, Ni,

Pb,'As and Mo show fhe concentrations of theseafonstituents te be

-

reiatively cons ao&er the site. Othef/;;;;;;%gfs, inciluding Mn and ge
showed so@e\v A‘ability; Fe varies from ¢ 0.04 to about 2.0 mg/l whereas
Mn varies from< 0.02 to 1.70 mg/1.

- i The other variability was cbserved in the Ga?+ and souf data.

Fo; the few Water samples analysed in detgil, Ca?+ ranged from 21.4 to
"99mg/L and SO,*= from 3 to 350 mg/1 (fable 4). High C;?+ and souf values
usually occurred at sites near the waste rock as well as in sa&ples taken’

. _ ) o
at‘g;eater depths. However, the ability to map discrete sulphate plumes

rom the waste rock is, at this point, quite uncertain due to

ety 1ittle data _availaple.‘ s S .

Significint concentrations of SOQ_= which occur in the ground wster

may be produced from.the oxidation of .pyrite that-takes'place during the _
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weathering of the waste rock. Pyrite was foﬁnd in_gsspciation with the
waste rock (metagabbro). During and after the mining operation pyrite is
exposed to air and water; the suggested reactlons of pyriie oxidation

(Sfﬁmm.and Morgan, 1970) are -

FeS,(s) + £0, + H,0 = Fe"" + 250, + 26" © (u.3)

ret 4 %02 + = Fe 4 %HBO . (8.6)
: ™~

F 31— —_— -+

e + 360 —= Fe(OH)B(S) + 3H (%.7)

The oxidation of the pyrite to sulphate (eqn. 4.5) releases dis-
solved ferrous irgn and acidity into the water. Subsequently, the dis-
solved ferrous iron undergoes oxygenation to ferric iron {eqn. 4.6) which
then hydroiyses to form insoluble "ferric hydroxide" .7, releasing more
acidity to the ground water, Ferric can;flso be reduced by pyrite itself,
as in eqn. 4.8 below, where sulphide is ;éain oxidised and acidity is
releafed'along with additionit ferrgus iron which ma& re-enter the re-
action cycle via (4.6).

1

Fes, (S) + 14Fe”" + 31,0 s==15me?" + 250, + 16H" (4.8)

As a result, pyrite is récognised as the major source of souf ‘and acid
water at the study site. ' . '
On the oﬁher hand, high Ca2+ conceptration-ig the waters is pro
probably a result of”dissolution of dolomiéef;ﬁd calcite which cccur in
aésociétion with the metagabbro and also perhaps from the nearby marble
(mentioned earlier). Moreover, anorthite(CaA}éSiZOE)'ﬁhich is a common
feldspar in the gabbro is generally regarded as being quite leachable
relative to K~feldspar and the more sodic plagioclase'feldspars. It may

be another source of Ca.2+ besides calclte and dolomite. The anorthite
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=
\

reacticn is a

+ 2
0+ 2H == ca~' + A1281205(0H)4 (s) (4.9)
kaolinite

CaAlzsiZOBFS) + H,

The source of H+ ion is presumably from the oxidation of pyrite.

In general, leachate from the waste rock which 1is migrating in’
the Greyhawk aquifer could be tranSportéd‘in three distinct routes as
shown in Figure 23: : _ b ;

(a) In shallow ground water zone;

(b) dlong the bedrock surface; and

(c) Leachate with high H
possibly be migrating
concurrently dissol
passes,

content (from pyrite oxidation) may
through rock fissures and joints and
g carbonates and other minerals as it
The high conductance values and bicarsonate concentrations‘at greater
depths may be explained by a combination of ithe last two hypotﬁeses.

In gummary, the Greyhawk ground waters can generally be classified
into two types wlth respect to their geochemical-constituepts. Firs?ly,
the shallow ground water, fith low elegtrical cﬁnductancé'#hi€i9 ﬁ%ihéps,
may imply low total dissoived sollds (TDS); Secondly, the deeper ground-
water, with a‘much higher electrical conductance with calcium, suiphate
as well as bicarbonate being a primary -constituent. At shallow,dé?QPF
leachate from the waste rock and with high conductance may be distriﬂuted

.

in a complex manner.

4.2 Radiochemical Investigations

Ground water samples were analysed for thelr uranium content an&
isotopic ratio (234U/238U) by the alpha spectrometry method. The results

of analyses are given in Tables 1, 2 and 3.
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_ Also, as noted by Langmulr (1978) uranium is more soluble as P,
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" The chemical yields for uranium ranged from about 10% to 76%,

with most of the determinations clustered between 30 to 50%. This lies

within the range of the majority of analyses cited as in the literature.
The errors shown with each analysis are'fréh the counting statistics;

most of them fell\within For.

-ﬁ.2.1 Uranium in Water

-

The concentrzéébgtgi;azgnium in groﬁﬁd waters from the Greyhawk

Mine ranged from 1.20 ppb to as high as 386 tpb. The majority of the
determinations however, fell between 10 and 50 ppb.-’Mdst of the water
samples at deepest sampling p%sitions showed significant concentrations

of uranium; for example, sites[B, T, U and X contained 117, 357, 380 and
-

107 ppb of uranium, respectively.\\ﬂowever, sites V and Q are the excep-

tionr with only 8 ppb and 27 ppb U;\respectivgly. The low concentration *
of uranium at depth at Y is attributed ta a strongly reducing envir9§Ten£
found.there, as shown by the presence of HZS gas in the water sample.

Low uranium content at site Q is most probably due to its greater distance
from the waste rock source. Nevertheléss, significantlconcentrations of
uranium generally occur in the deep ground ﬁater zone (Tables 1, 2 and 3}).
Also, wﬁtef samples near the wgtér table were found to contain qﬁité high
anium content (mostly above iO ppb). This may be influenced by the

A .

xygen (hence Eh) and €O, availability near the water table

dissolved
increases
O2 X
in the water. Sites GR9, GR10 and GR11l clearly showed this situation.
The distribution of uranium cbncentration_in the groundwater

samplés at various levels are shown in Figures 10 to 22. 1In most cases,

" uranium content tends to decrease with depth to about 4 to 6 meters. below

(IS

2
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the ground surface and then to increase from therg ddwnwards. This

— . -

\

pattern occurs Tépeatadly at most ofythe sites, eg. B (Fig. 10), J tFig.
. R \\/. !

11), K (Fig, 12) and U (Fig. 14); the exception is site V (Fig. 16). R

The Increase in uranium content from about é m downward probably repre-

=

sents the front of a, uranium—enrlched water mass expanding downwards in--
L) :

to the aquifer by diffusion.

. ‘ff{ The geoehemical parameters of the ground waters Were examined
T Qit;} ) statistically to provide a more rigorous estimate of possible correlations
‘ with uranium abundance. The data set consisted of partial or complete
analyses of geochemical and radiochemical parameters. The predominant‘
. anions‘(HCQB— and SDQ=) Rtesentlin the Greyhawk ground waters were
femphasised, and were plotted against utanium content as these ions presum-
ahiy combine with uranium lons to form“stable and soluble complexes.
ngure 2k is a plot of uranium content against bicarbonate con-
centration for the samples, It shows a falr'positive correlation: the
'r' value 15’6,57- "As can be seen,fthe uranium content in the water tends
to Increase as the bicarbonate concentration increases, Also, the in-
.dividual sites (Figs. 11 to 22) show this trend in detail. Site U-11.80
Hhich has the second highest value of bicarbonate concentration, contains
the highest concentration of uranidh (380 ppb). However, site V-16, 59 !
is an exception- although the water sample contained the highest measured fﬂ-_;\‘\\h;,//
concentration of bicarbonate, it had only 8 ppb of uranium. Probably
this is due to the existing reducing conditlions which are more favourable ’

for the pfecipitation of uranium species, Here, the carbonate complexes

may be brokendown and uranium precipitates (Kronfeld and Adams,.1974).
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The general relationshlp shown on Figure 24 is probably the
result of the formation of very stable and soluble anionic uranyl car-

bonate complexes. Carbonate species are available from the dissolution

of calcite and dolomite and also frem the dissolved CO., Uranyl car-

2
bonate complexes may be formed as follows: )
(1) Uranyl carbonate )
2+‘ PN o]
uo,”" + €05 = U0, €0, (&.10)
. (11) Uranyl di-carbonate
b 2+ — 2- -
. uo,"" + zc:o3 = 1o, (c03)2 (u.lu)
\\//; - . (iii) Uranyl t¥i-carbonate
: : () + 3C — co .
uo, 3 o3 vo, ( 3)3 (4.12)

Langnuir (1978) has shown that uranyl carbonate complexes; UOZCOB’
Uo?_(cof‘ and Uoz(co;“ g.re' stable at pH 5.0 to 6.8, 6.8 to 8.0 and greater
than 8.0, respectively (see Figure 25). Hostetler and Garre{“/fé962) al-
s0 noted that the carbonate ions .are stable enough to tie up considerable
concentrations of uranium even under slightly reducing conditions. There-
fore, under pH (5.0 to 7.6) conditions observed at the Greyhawk ground-

’water, the uranyl carbonate c:mplexes are expected to occur predominantly
as uranyl carbonate and dicarbonate complexes. These oomflexes are
relatively soluble and mobile bocguse of the neuiral or anionic form.

vThe relationship shown in‘Fig: 24 suggests that uranium is mobilised as
" suranyl carbonate complexes during the dissolution of the waste rock and

bedrock. The probable reaction involved is

{ - 2_
300, + goz.*’ 6Hco3 = 3[102(003)2 + 3H,0 ’ (ig.13)
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Figure 25: Eh-pH diagram in the U-0,~C0,-H.0 system at 25°C  for
PCD = 107° atm. Uraninite, UOs(c), solution boundaries are drawn
at 1075 M (0.24 ppm} dissolved uranium species. "H & G" denotes
the boundary of the uraninite stability field according to
Hosterler and Carrels (1962). . )
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Fur%hermore, it is Imown that oxidising conditions promote the mobility
of uranium in ground water (Vinogradov, 1959). X

A relationship between uranium content and sulphate concentration
is shown in Figure 26, derived from the éZ water sampleé for which both
sulphate and radiochemical data are available. There is a relatively
poor correlation {r = 0.47); scme samples of high sglphafglcontent are
relatively rich in uraﬁium but some are not. The compiexing reaction for
the formation of soluble uranyl sulphate c®mplex is shown below:

2+ = _
, uo,”" + ?Ou = Uozso?P (4.18)

Langmuir (1978) has shewn that uranyl sulphate is only soluble in

acidic envircnments of pH below &, Therefore, due to the higher pH of

most of the Gréyhawk éround waters, conditions are unfavourable.for the .
formation of uranyl sulfhate complex, The uranyl sulphate comﬁlex may
not'represent an important component in the Gfeyhawk ground katers.
Figure 27 relafes uraniuﬁ content and the electrical conductance
of the groundeatgr.samples. Aé can’ be seen, there is a tendency toward
‘an increasing céncentration of uranium with!an increase ip electrical
conductadce.. However, the correlation is poor compared f;iéhe other two
piots, Figures 24 and 26. Some samples.of'hi eledtrical conductance
are relatively rich in uranium but others are not: The probable reason
for this is the hetercgene;ty of sand_thus resulting in the varlation of
hydraulic condﬁgtivity and compqu'flow'pattern. Therefore, the dis-
tribution of éissolved constituents may not be uniform. %
Concentratipns of phosphate in the Greyhawk ground'wgter afgkléﬁ,
{0.005 ppm (Table &). Thé;, uranyl phosphate complexes are not ekpeé%ed

"even th ugh phosphate is supposed to form stable complexes with uranium

;‘<“
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 Fig- 26. A Plot of Uranium Content versus

. Sulphate Concentration
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over a particularly 2large pH range (4 to 10), Langmuir (1978) noted
that uranyl'phosphate complex, UOZ(}[POLI')ZZH,‘ is stable for a typical

(T ground water with PO, concentration Gf~0.1 ppm. Uranilin content was
. not compared with C1~ Wr&tign.hecme the latter is fairly constant
throughout the waters (1 to 3 ppm). {\

Tnitiallly an attempt was made to determine thb@ode of chemical
speciation of the elemental uranium in thgséground. water samples. Urt;
fortuné.tely, the va.lidity of~the dissolved Wis very doubt—
ful and hence the Eh values of the wa.ters“)%d not be d'etermined Hith
accuracy. On the other hand, from the sandy nature of the soil and the

’ shallow Eepth of the aquifer, the majority of.the Eh values of the waters
are gﬁpected Z,? be of somewhat positive value, ‘L gmﬁir (1978) has shown
that uranium is most soluble in ground watérs at Eh .Value above 0.2V
(see Fig. ). F‘urt)eﬁnore, varicus s‘Eudies have i.ndica.ted that
permeable meédia, uranium mobility is not only a f\nﬁ:tlg(n of redox condi-—
tions but also of pH and carbonate and sulphate a.va.ila.billty (Lisitsin
1962‘; Hos::tler and Garrels, 1962), At the pH conditions /of/the Greyhawk

ground water (mostly 5.0 to 7.6),wtiranium may well be injuranyl carbonate

% - complexes. ﬁ)reover, Hostetler and Garrels (1962), Langmuir (1978) and

' many others have shown that uranium is transported as a uranyl carbgnate
complex (U0200 °) ‘at pH 5 to slightly acid, as a uranyl di-carbonate JO‘J
complex U02((103)2 in about neutral solutions and as a uran.Kl tri—,
carbonate compl@ in basicsgolution. ye

The migration of dissolved uranium iﬂthe g'round water h&‘been
sstudied here with phasis_on the occurrence and' processes that,control

its migration. Two cross—sections along B-Q and GR9-GR1l were made to

ow

J
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visualise moke clearly whether a significant zone of uranium contaminated
ground water exists at the “site. These cross-sectlions were taken along .

the ground water flow direction because the velocity. and direction of

migration of contaminant in the aquifers are influenced by the hydro-

geplogic parameters and in’ paxticular by the-ground water velocipz‘and
direction. " 3 )

T
Figure 28 shows a long section, B-Q. Significant coneentrations

of dissolved uranium occur E? the ground, Water ‘zone near the water ¢able

(33 ppb) and the deep sampling point (117 ppb) at site B. An anomalously B

high uranium content was found at the deep location §t site T (357 ppb).

Nevertheless,-the concentratlions of uranium for most of the sites

clustered around 10 ppb with tg? exception of Q 15.43 (27 ppb). As'csn
. ‘ " -

be seen, in moving down from the waste rock source,. uranium content in
the waters decreases abruptly bx a large factor. It appears that a plume
of uranium—sich water is'migrating.along the bedrock surface.

The'distribution pattern of ulhnium_in shallow Hells along GR9-
GR11 is shown in Figure 29. A plume from the pegmatitic waste rock is
obseryed. Two trends ‘are readily identified '

(1)  Uranium content tends to decrease Hifh depth, and

(i1) to decfease with distance from the waste rock source.

A model is proposed.to explain the distribition pattern and migra-
tion prdcess of uranium in the Greyhawk ground water. It is 11lustrated
in'Figufe 30. ‘Tge modeI'delineates the thiee magg; stages involved in
the transpertation'end precipitation of uranium in ground water, i.e.’

(a) mc.:bilization,‘-ef uenium by weathering, .

- ’ . /
" (b) .transportation by circulating water and . © @ ..
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.(c) deposition and adsorption during transportation.

This model can be used to éxplain several features of uranium distribu-

tion in tﬁe Greyhawk groundrwﬁter, for example:

(1) The model describes the mobile uranium species which are
liberated from the waste rock -and bedrock through dissolution ana are
carried in solution mainly as ﬁranyl carbonate‘complexes. Uranium is
subsequently remaved from solution by adsorption on the sands of the- '
aquifer and perhaps also on secondary oxidesiof iron and manganese and
by precipitation that is caused by lowering of the Eh of the water. These
processes form the prime geochemical mechaniéms that caused the retarda-
tioﬁ_or reductlon of the uranium content in the waters. ot

"Lowgring of Eh in the lower part of the ag r 1s presumably
caused by depaying of organic matter. Bacterial sulphate infrbduced
from weathered pyrite leads to formatlon of dlssolved sulphide (HS_,HZS)
‘(Thode et al., 1951i; Goldhaper et al., 19?8). Upon encountering reducing
condiﬁ}ons, uranium becam; reduced to the tetravalent state and precipit-
atéd-(Reynolds et al., 1978). Krguskopf EI§B7) in Grissk and Jaékson
(1978) noted that in such enviromment redox potential ¢Eh), may vary
between -100nV and -500 mV. The présénce of HyS gas at site V-16.59 is
a clgar indication of such aﬁ'environment.  Uranium is eipééted to pre-~
cipitate aséﬁraninite or :éIfinite (Langmuir, 1§78) ?i this site and cor-
sequently decreases its\zbntent considerably in ther;aéer‘(s ppb).

(11) Two assumpticns are suZiisted to explain the anomalously
high uranium csﬁtent at deep sltes.
(g)'Assuming that‘the spatial flux of uranium from the rock

pile is constant, then, in"area X, where the pile.is on the bedrock,
.. l . : . - .
,~ R

. -

Rk e e T
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uranium may be concentrated in basal ground water., =~ -- L >

(b) Assuming that the bedrock is rich in uranium;
then, leaching of the bedrock surface by the acid water
would result in an increase of uranlum content in the water
at deep sites,

(111) Assuming that near - stagnant water nearly
comprises a basal reducing zone as shown in Fig. 30, then, a
stronger plume thus indicated in Fig. 30 descends to the
rock surface, descends along it, is diffused and reduced
but still enriched to 27 'ppb at Q 15.43. Therefore, a plume
with a contour at the 20 ppb position ﬁiy\be defined. R

(iv) There may be mixing of U-rich"or U-poor water
from other sources. This may be applied to site Q 15.43 _ :
which is supposed to be the meeting point of two ground water
flow systems in the aquifer (see Fig. 4). Also, uranium
content in the wate} may be reduced by simple dilution
process (i.e. from rain and snowmelt), "
4.2.2 Uranium Content in Waste Rock and Soil Samples

The waste rock of the Greyhadk Mine is comprised of
granite pegmatite and gabbroic rocks. Samples of waste rock
and soil were analysed for uranium content utilising both the
alpha spectrometry and the neutron'activation—delayed neutron

counting methods. Also, thorium contents in the samples were

‘determined by the 'instrumental neutron actlvatlon analysis.

Results of the anET;;ls are ngen in Table 6.

Uranium contents in the pegmat1te and gabbroig rocks
are 31 59 and 2.9 ppm respectlvely.‘ Morse (1970) noted that U
background in the soil of the Bancroft region is less thaf I ppm.
Table 6 indicates that soils-contain quite high uranium, most

,samples'exhibiteq about 10 times larger than the backéround

value. Ifﬁﬁqapossible that the dissolved U in the water

" was being adsorbed on the soils as it passes. During weather-

ing process of the waste rock, U present. as uraninite, uran-

othorite etc,

pm————
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oxidjySed\ to the comparatively soluble uranyl\ions, wk%eﬁs‘fﬂ minerals
W minerals and

weathered rocks.:  Thorium content measured in a few soil samples (see

P
which ane xglatively insoluble are concentrate

Table 6) may represent a background value, as was shown by Hansen (1968)
that Th concentratians}in soils vaxied mainly in the range of ? to 12 ppm.
Furthermore, concentration of Th de?}rmined in a fey water samples was.
ver& low (avg. 0.005 ppb, determined by,E. Veska, University of Waterloo)
and therefofe it probably was left with the waste rock., Uranium appears.
to be extracted from the ground water as it flows through the aquife;.'

As a consequence, the concentration’'of U in the water may be reduced and

may alsopféuse the advance rate of the contaminant frqnt‘to be Eetarded.

4,2.3 Uranium Isotopes in Water H<§l
The activity ratio (234U/238U) of the ground water samples ranged

from 0,95 to 1.85. The deep waters‘usually,contain‘between 35 and 85%

" .excess of 2-3%1.!,_e:»ccept sites U-11.80 (18% excess Zjhu) and X-8,30 (5%

234u)

. Generally, most of the water samples have uranium activity
- . . ~ %
ratlos between 1,00 and 1.30 (Fig. 31), with only one sample\ exhibiting

excess

less than unity (site K 3.72). The data of U content and U isetopic

ratio from this study were compared with the diagram (Fig. 32) of Osmond .

and Cowart (1976). Their data represent the U content and U isotopic -

ratic of ore bearing waters oﬁiginating from sandstone-type uranium -

the U,8.; area A"indicates waters close to the ore deposits

! o~

epicts waters that are fajther away from the ore Bbdies.

It appears that the data of U in the G eyhawk ground waters fell in area
A of the plot of Osmond and Cowart. ‘Ore-bearing waters from the sand-

stone-type U deposit may contain quite high U isotopic ratio. However,

i e
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FIG.31. ‘A PLOT OF URANIUM CONCENTRATION
VERSUS ACTIVITY RATIO IN THE GREYHAWK

GROUNDWATER
500
1 . 8 .
100 r .
+F
- 50
T TS
—~ o C
L0 ° . .
& ‘m ® -
e i . (*
- ) " . u
10 : n _..-,L-
] .-= 0. .. . ™
..+ w5
®
5 - s
n °
n = ‘
e
]
p P ° 1 (\\ :
.. . ° b
1 » ) ~
1 ~ N "f ’
| © " Water Samples colledted in July +
. 0.5 , ' N : N Sept. =
1 ( T dct. o
, )
02 | T ' '

1.0 - 1.2 ‘1.4 2.0

16 1.8 o
(?:"U/MHU ) l- —



C !
100 T~
nr l, \\
3 ]
!
Al 1
10 Ll ‘
| —
T
1 . 1
[ 1 .
I |
= R
P 1 l; 4 .
L0 Iy .
[o i g | ~
& |
S ';_I H -
o1 -
(N,
{R
A ) N 1.
001 ey St Sl
-y
! B )
¢ . ___,"’
C.001
0 2 4 & 8 10 12
. (234U/2_38U)
FIG.32" DISTRIBUTION. 'OF URANIUM CONCENTRATION
AND 2%4)/”X) RATIC OF ORE BEARING GROUNDWATER |
(AFTER OSNIOND AND COWART 1976)
<A - samPLES CLOSEST.TO ORE BODIES
"B~ a i’ FURTHER AWAY FROM ORE BOUES.
c_ 1 OF THIS STUDY

g

o . ' . L

79

i



Vs

.

80

.

the U isotopic ratios.of the Greyhawk ground waters show a?rélatively
small range (1.00 to 1,B85); this probably represents a typical U-bearing
water originating from the 1eachinglof a pegmatitic dike U depogifT\‘ RN

The relative enrichment of ZBQU isotope in the water samples lly
have resulted from alpha recoll or selective 1eaching or a combination of
both (Coéart-and Osmond, 19?85. High activity ratios exhibited at the ‘
deep sampling sites may be due to leachiﬁg 6f radiation-damaged sites in
the bedrock gy the acld waters af the waste dump. Additionally, slightl&
gcid water can seemingly allow this to take place (J. Andrews, pers;
Commun, ). This frobability of dissolution oflzj?ﬁ wi}l be espfpially
favdureq when thé.z 6 is available clese to solid/liqpid';nterfaces
(0smond and Cowart, 1976). . ‘

Figure 33 iziustrates the distribution péttern of uranium isotopic
ratios along the cross-section of B-Q. The,da£a were.contoured to visu-

allse the situatlon more clearly. " Figure 33 clearly shows the U isotopic

ratio changes from the sourcesf recharge (i.e. waste, rock source) into ¥k

the équifer. n}éraﬁion of high U ;sotopic ratié (fjuﬂfejau) water was
observed at 1ﬂzermediate énd bottom depths. It is felt tha£ changes in
the U isotopic ratio may be related to the flow of the water within the
aquifer, This hay aiso indicate the migrating path of the leachate in
the aquifer emanating from the waste rock source in %hich excess 2'3[&U is.
considered as 5 tracer. |

A comparison study was made on Figures 28 and 33 to‘see~if there
exists any- correlation between the distribution of ﬁ content and U

°

is*pic ratio in the Waters. Tt can readily be seen that there are’

Yolumes of U-enriched water miérating in the intermediate and deeper zone
Q .
&
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4

of the aqoifer that coincides v}ith the zones of 23u’U—enz:i.ched water,
Thus contours of 23L"U and U concentration possibly repreésent the flow
pattern of contaminants in the aquifer derived from hching of the
overlying waste rock. ‘ ’ ' e

L,2.4 Uranium Isotopes in Waste Rock and Soil Samp‘les

The results of determination of 23'u'U/238U ratio in the waste

rock and soil samples are shown in Table 6. The activity ratio of the ‘

. - % .

waste rock, h pegmatite ‘and gabbro are 1.02 ¥ 0,02 ang 1.07 ¥ 0.02, T
respectively, ‘ ™

-

The U in.the sands of the aguifer was presumably.adsorbed from
the dissolved U in the water, Therei‘ore, a number™ of Qoil samples wete/v \
analysed for thelf U isotopic ratio 2:J'LI'U/Z%U) It can be seen that the‘
leach.‘i.ng of soils with conec. ,HNO y'lelds U activity ratlos that are '

£

similar to that found in the water fxoff the same site. For inst?nce,
05 *
0.08 in sdils and 1.03 ¥ 0.03 and 1.07 * 0.03 in waters, respectively.

‘'sites GRU-IV and G 5 80 have wranium ratios of 1.02 % 0.02 and’ 1.

.'4 -~ N . - .
' #4ith these isotopic characteristics shown in the soils and Hater/a,f sites

GR4-IV and G 5.80, it may be concluded that part of dissolved U in watef

.15 proba.bl_;f being deposited on the sands. Unfortunately, no, soil samples .,

from the deep sampling points were a 4a.hle::f‘m: isotopic a.na.livses,

pa:gticular?!.y from site V16.59 at:which has supposedly ;Je_en pi'scipita.ted L e

due to the, ??dstins reducing conditions'. o D . . * ﬁ
The soll samples at sites GR-II, GR3-IIT and GR9-T are locatad

In the unsaturated gzone. The samples from sites GR2-IT and GR3-IIX

ha.ve uranium ratios slightly less than unity (see Ta.ble ). Tﬁgt;esult

for GR2-II which gontains only 1.42 ppm U may be due to grea.ter

e
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234

leachability of “7'U over 238 (Rosholt et al., 1966). 23 nay be

preferentially leached compared to the parent 238U'by the Infiltration
water. However, sample GR3-III yielded 10.51 ppm of U on leaching witﬁ .
hot HNOB-; this exceés U was adsorbed from percolating water. The si‘tg
>of GR3-IIT may actudlly reslide below the ﬁater table at -some fimes of
the year. The 234U/238U of ground water at this site is not known, but
is.preéumably close to.l.OO by analogy with nearby water sample GR4-IV.

[

Uranium content of the soll sample at site GR9-I is quite high (8.92 ppm)-

‘this sé;ple may be contaminated wlth fragments of the overlying waste

- rock,

\

4,3 Neutron Activation-Delayed Neutrén Counting Technigue (NA-DNGC)

Thirty-eight ground water samples were determined for their
uranium content utilizing the NADNC technique. The results of analyées
are glven in Tables 1, 2 and 3. Tt can be seen that the uranium content

- may be qbtained to a precisian of less than 5% at the levels of uranium

- concentration in the water samples. At these concentration levels a
single drradiation may be adequate {E. Hoffman, pers..comm.). The errors
shown Hith each anélysis are from the counting stgtistics of the indivi-
dual counting experiments., For example, in one 6f the determinations for
a standard irradiation/ﬁelay/counting sequence.£30-10-30 sec.) witE a f
nfutron flux of about 5:0 x 1012n/cm2/sec., the’system senslitivity is
318,71 t 3.29 counﬁjlper ug of uranium.“The célibrétion factoésis hus
0.00313é-ug/bount ﬁz;h an error of T 0,000032 ug(count. The background
8ignal for an empty capsule irradiated under the same conditions is®’
63.3 T 7.9 counts; and the signal given by a blank sample (Fe(OH)B)‘is .

68 t 8,2 counts,



v ‘

\

éfom the analyses carried out by the NA-DNC technique the
\ _ .

efficiencyjof coprecipitation of uranium with Fe(OH), are tested. The

3
results of measurement o% uranium by the NA-DNC technique Wefef;;hpared -
with those from the alpha-spectrometry method (see Tables 1, 2 and 3)
Heré; i%\;ag\aﬁgumed that the results-obtained by the alpha spectrometry
nethod rePresen£S? true value of uranium content in the water samples
(since a‘kﬁaﬁ;pzd U spike was added to the sample measured by the
o<-gpectrometry method). A histogram of frequency versus percentaggL‘
yield of uranium was made (Fig. 34) to visualise the situation more
learly and also for qualitative interpretationa This histogram is
ased on 38 analyses. It can be seen that 887 of the analyses indicate
ficlency of greater than 50%. Also, it indicates that about 60% of
the janalyses ranged between 80 to 100%. efficiency. The data of Tables 1,
2 #nd 3,'in éeneral,'indicate that the efficiency increases with in-
creasing uranium content in tha/égapI§§>d Generally, the results showed
that the coprecipitation of uranivm with Fe(OH)3 was quite promising,
considering the complex.canditions that may exist in the natd;al waters.
A major factor contributing.to the poor efficiency (hence, yields
of }he chemical collection) of the coprecipitation of uranium with
Fe(OH)3 is incomplete expulsion of GOZ'from the water samples. As

mentioned earller the presence of 002 (as carbonate ions) could form

soluble uranyl carbonate complekes.

’

L.4 Determination of 2 /EBBU Ratic by Combined Fission Track and

-
'

Alpha Track Counting (FATC)

4.h.1 Theory
‘ ' : : 234 238 -
The determination of uranium activity ratio (“7'U/“”°U) by combined

A
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fission-track and alpha-track counting is based on the fbllowing theoxy:

For uranium electrodeposited on a planchet, we get:
n—jd

(1) f1s51on-track.counting records -- 35U fissio
(11) alpha-track counting records -- 235U - .
(“ dlSlntegration) e

(a) From fission-track measurementss

Ne = % #t %235 N235 o A (4.15)

But N235 = 0,007 N238 R
oL Ve = ,a’t %235 (O.OQ?___NZBB) (k.16)

where, Ny = Number of fission tracks

Ve = Geometrical factor of fission track productlon »

4= Neutron flux (n/cm /sec.) ' ;/ \
! 1= Irradiation time (sec.)
» . 9335 = Cross section for uranium fission (584 x 10 ~24 2)
\M 238 = Num of atoms in sample
= Numbe of U atoms in sgample.
"“\
(b) From alpha-track measurements ~ ,
‘No=7vy. Ix A 1 7))
Ng=T7, {234' Mog 1 X235 Nass + Ayng N238} (4.17)

I

wheré, Na' Nuﬁber of alpha tracks

T -1
= Alpha exposure time (year 1)

]
!

. eometrical factor of alpha track production
Ay = Decay constant of respective U isotopes (year )

Ny = Number of atoms of respective U isotopes
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Let A be the activity ratio of 23l*u/238U.
. 2314,
_ ea 23 = activity of 229y, and
50 A 3'238 where a238 i activity of 238U.
_ Aoy N ‘ \)
Hence A = —Z&N_zﬂ
A238 Nagg
N3 A2ag
And, = = p‘x_l
238 em
N A28 Nosg
So, 234 = A ( ) .
Moy | o
T.ak:'mg‘_l\l235 = 0.007 N238, 1235 = 6.285 3‘23'8 and
A238 Y238
Bt 234
and substituting in equation 4.7, we.get,
S ;Jn =T7, W"zse Npag + 0'01'4)\2_38 Na3g * M23g Nass}
=TT, Aysg .N238 {A + ‘1.0144}
- /.
Ho=T, {a+ 1.0} Yo Vpg | | (i.18)

Dividing equation (4.18) by equation (%.16)
Track ratio,.R =g§- = _3; ;‘;jzA +((1):8gl7" LAZB? N238
35 238
- ‘ ='A/—;'?%-::§§'{AT1.M}.E(§W
*So, R=k {a+1.00}
where k = constant = Yo T A238 :

0. 007'Yf gSt 0'235

"R = kA + 1.044k ' ¢ (5.19)

4 -



./ | ‘ D

. ' 4
) ) . . 88
/ @’
- =3
Equation 5 is a first order equation with slope (k) and intercept (1.0,
T A
238 T
(1) slope ko= 2238 »
0.007; %935 POl
Assuming that Y, = 0.5, and
] Te = 1.0 (100% fission detected since there ~
o : are 2 fission products/fission),
. b
Thus k- = o 238 » z
0,007 x 1.0 x 0235 Kt
- - -10 -1
\\ Substituting A238 = 1.54 x 10 yT and
| . 24 2 o
. T35 = 584 x 10 cm in egn. above l
. 1 T
.k =1.889 x 1087, Fon | (4.20)
(1) From the two experiments, the sloPes k (set J) and k (set K)
may be combined
N - ’/—l 4
b_ A1ty ' (5.21)
Relative slopes, == = . —= _ .21
: R Ry T 3 T
; & o &
(111) Intercept, I = .1.044 k
' “13 T
Substituting k = 1.889 x 10°° . in eqn. above
S g ‘.9 3 : e q
. 13 T -
. I = 1, x 10 . L.,z22
I ; R £ o e
4 .

7,
4.4.2 Fission Track and Alpha Track Results .

The determinations presented here are the results of two separate

irradiations wifh different integrated fluxes set J( 8 x  1oll n/cm )

/ . T P '
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and set X( 8 x 10%? n/cmz) . It was found that fission tracks in mus-
covite/etched in 49% HF for 20 minutes at room fem\ rature gi%e well-
defined projections on a TV screen. The tracksjzgiibe counted on the
screen without any appreciable intxoduction of error. The projections

clearly showed the fisslon source distribution. Similarly, aiﬁha tracksvf
in cel}ulose nitratg iQ&P etcﬂed with 6,258 Naoﬁ at 30.00 T‘I:boc also
shoved wpll-defined tracks. Alpha an@.fission tracks are approximately
“the ﬁz;e size in the etched films (15 to 20u), ;

In this ;;;ay,.homogeneou track (both fission and alph;) dis-
tributions were obtained. fiate jlshows an example of fission track
diséripution; these tracks were made by fission fragments from the in-
duced fissi of 235U. On the other hand, plate 5 shows an example of -
alpha tréa. these tracks were made by alpha particles emitted from
uranium 1 topes (234U3 235UAand"23-8‘U) that imparted on the cellulose
nitrate £ilm. The resultihg fission fragments andjm-particles énter the
detector.at all angles with a certain fraction penetrating the detector.
After etching, the paréicle paths become énlafged holes..

Hashimotg (1972) and many oéhers noted that, the counting of
tracki mnay give.errongigs résults mainly because of hgterogeneous dis-
tribution of>uranium in the samples.” Tracks distribution howevér can be
improved by electroplating the uranium on a st;inlesé steel planchet.
This resulted in a wniform distribution (Plates 3 and 5),

However, it must be exphasised that a reasonable integrated flux
(n/bmz) must.be used in order to obtain a convenieht nuﬁﬁéf*oﬁ fission

tracks for counting.. If the integrated neutron flux value were too_'

high, it may cause considerable\grs;lapping of the tracks (Plate 4), thus

-_——



Flate 3. Photomicrograph'qbowing fisslon tracks distribution in
etched muscovite (sample Q 4.15),. * - .

Plate 4. Photomicrograph showlng cluster of f

ission tracks'&n etched
CN85 film (sample U-11.80). ,

>,
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Plate 5.

L]

Plate 6.

Photomlerograph showing alphan@racks distributin in etched
CN 85 film (sample B-5.7 July).

DERY)

-~ .i:.er\:v’% [l 08

Photomicrogra@h showing cluster of alpha tracks In- etched
CN 85 £ilm (sample U-11.80).
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it becomes very difficult to count. Conversely, a very v.ow neutron
‘:'ﬂux would glve very 10% fission track density. However, in this study,
a}-ter the "second inadiq}_ion a suitable neutrdn flux value can normally
be estimated, thus a reasonable distribution of fission track distribu- \
‘tlon was obtained /(Pla.te 3). Similarly, a suitable amount of time for
h&—particl.e detection is chosen for each ‘set_of samples to get a reasonable
distribution of % -track (Plate 5>); overlapping of alpha tracks rc;ay occur.
if the exposure time were too long (Plate ) which leads to results not
. suitable for counting purposes, For‘tunatel/y‘, ir(é;neral, no serious
difficulty was encountered~in counting i;;e;jected tracks from ({:\}T; detec~
tors; on projection, the tracks can e‘asily be distinguished from tﬁe dirt

or noise. .

-

The number of fission-track and alpha-track counted from ea.ci'l'set

¥

Ty , .
of samples are given in Talhle 7 (se®™Y and Tatle 8 (set K). The major

factors cbntributing to-the error in the fission and pha tra\cks are

-
e

the efficiency of calibration curve, meutron dose, geomgtrical factor, gig

/

both fission and atpha tracks and-track recognitlon. 1 except track

recognition are relative errors for the 's,a.me irradiation, \Thus, the
Coe ‘ 7 <
counting errors are the only source of error that can bé expressed

- ] & )

qualitatively in this research. The standaxd deviation is taken as the
. square root of the number of tracks counted.l ) _
' . Since the uranium a.ctifvity ratio (Z%U/ZBBU) of all s;amples ¢
measured by c;)mbined fission track énd alpha track ‘counting are also )
determined on an alpha spectrometer, therefore a regression curve of

$N, /2N, against 2528y ratio can be made. The data of sets J and X

- are computed separately usling a standard compliter programme; EN.,/ZNf is

’ /\ /\~ L] | *
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Table 7 ~- Comparison of the results of f-xtrack and x-spectrometry analyses for set J,

2
- No. of‘strack (N) (234U/238U)
- Sample # A B C D Mean SN - SN./ N _«(-Spect. Exptl.
STD. .
A 1.0 a 3316 3000 3263 3103 3170 T 56 12682 * 112 0.950 £  1.00 + 1.07
o - 3h26 3175 3550 3195 3336 % 58 13346 + 115 0,011 0.02
STD. , m -
A 0.5 a 1250 1206 1133 1180 1192 * 35 b9 + 69 0. t .1,00 % 0.92
f 1226 1650 1500 1275 1412 t 38 5651 + 75 0,016 0.02
STD, ‘
J5.75a .3765 3373 3160 2585 3220 * 57 .12883 ¢ 113 1234+ 1,44+ 1.49
£ 2740 2720 2435 2540 2608 i{a 51 10435 + 102  0.016 0.03
_ : , a .
B 5.7 a 4156 4525 4500 4433 ° L4o3 = 66 17614 T 133 1.107 * ’ENO t 1.30
(Juy) £ . 3954 4103 3785 LOBB 3977 £ 63 15910 + 126 0.012 0.05 .
0 7.7 %a 5778 6016 6157 5607 \,5889 + 77 23558 i-'153 1,154 k- 1,43+ 1,37
T 5560 «5005 4950 48B4 #5099 * 71 20399 t 142 0.011 0.0k
C.8.6 a 2510 2934 289 2747 Jo771 * 53 11087 + 105 1.082 = 1.14 + 1.26\
f 2196 2859 2940 2250 (2561 T 51 10245+ 101 0,015 0.08 .
: ‘ “ -
QW52 519 1600 4050 4750 4626 £ 684 1850k 313  0.815 % 1,00+ 0,88
: T 6200 5592 6278 4622 5673 + 75 22692 + 150 0.008 0.11
. /
B 4.7 a 2104 2466 2209 2393 2293 T 48 9172 ¥ 96 1.058Ft 1,37 + 1.23
T 1786 2216 2315 2350 2166 T 47- 8667 + 93 o.c}16 0.04 .
B 2.2 a 1901 1866 1800 1872 1859 ¥ 43 7TH9T 86 1.089%F 1,27+ 1.28
. f 1692 1725 1705 1709 1707+ 4 6829 + 83 0.018 0.05
. . || .
B 5.7 a 1057 1083 1005 1050 1048 + 32 4193t 65 1,145+ 1,22+ 1.36
"(Sept.) T 818 975 900 968 915 * 30 3661 60 0,025 0.05
« & = alpha {rack 7 N
- l f - fission track ,
—{) ' L4
. )
- | F -
v
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_considered as a dependent va:ciajale-. The two sets glve a linear regres-

I
sion as*follows: , . N

~

{ :
Set J:y = (0.69 % 0.13)x + (0.21 T 0.16) (5.23)
# « £ corr. coeff. "r' = 0.88 - o
Lo ¥ variance * = 0.07 Y
4 .where, slope ~ = 0.69 & 0.13 o~
interoept . \==-B-21 T 0.16
substituting y =_—— and X = A = 234 U/238U ratio
. Z N o :
. ) ‘ A
Ny '
thus: Z—N— = 069 A + 0.21,
22N : .
. 'J. o N ) )
G . A = 1.5 _f{-) -0, 304 . (4.2’-})
B ' f
!
Similarly; Set K: y = (0.26 £ 0.04)x + go.iz + 0.05)° . (4.25)
corr. coeff, 'r' = 0.90 .
' variance = 0,03
where, slope . = 0.26 .t 0,04 ‘
intercept = 0.12 * 0.05 S
’ N« oo . .
. substituting y Z and x = 4 = 2R3y Lapi, :
Z—N‘ . . B " -, ‘.‘
“thus, JZ_N;' = 0.26 A+ Q.12 -
) SR - ,
. ) 2 Ne ‘ : o
. = 3.85 A 0.46. - (ll-.26)
. f : :

/ [] . A }—l
/ © From the tuggression curves 'shown in Figures 5 a.nd 36 '(:L.e.
experimental data)-the values of slope relative slope d intercept are

compa.red with those obtained by calculation (eqns. 4.20, 41 and ¥.22).
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The comparison .results are given in Table 9. It can be seen that/ 3%l

- calculated values except slopes for set K show discrepancy with that of
the éxperimental values. This disagreeﬁent may be attributed to possitle
error of eétimated ﬁt value which cannot be accurately controlled; the

" calculated values are dependent of the neutron fluxes used. Presumably
the measured gt value for set K is true (i.e. based on slope agreement),
hence, ¢t for set J may be corrected. Taking the relative slope to be
2.65 (i.e. experimental data), therefore the corrected gt for set J ‘
should be 1.51 x 1012 n/bmz; if so, the calculated slope and intercept
would be 0,69 and 0,72, respectively. However, it appears that the
calculated intercepts for both sets are still larger than that found

experimentally. The reascn for this is not known.,

Table 9 —— Experimental and Calculated Values of Slope, Relative Slope
and Intercept.

k
Relative Slope (El) Slope (k) Intercept (I)
2
Sample # T/ét-
' Exptl. Calc. | Exptl.| Calc. | Exptl.| Cale.
-14 J 8
set K 1.44 x 10 0.26 0.27 0.12 0.2
2065 . 5.0‘13‘
-14* 6o | . I
set J 7.19 x 10 0.69 1.36 0.21 1.42
L]
Set J: T1 = 5.75 x‘1o'2 year; ﬁltl : 8 x 1011 n/cmz'* an order of
’ magnitude
Set Ki T2 =1.15 % 10_1 year; ' ﬁétz = 8 x 1012 n/cm2 * an order of

" magnitude
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The uranium activity ratio (33*5/2381) can be obtained by
substituting N /ENf value of eath sample from sets J and X in equations
(4.24) ana (&4.26), reépectively. The results are given in Tables 7 and
8. from the comparative study made in Tables -7 and 8, it shoﬁs that the
method based on combined fission track dand alpha trachcognting in thé
detqrminétion of uranium activity ratio (EB%U/ZBBU) is generally in good
agreement with that of the alpha spectrometry method. The results ex-
hibited reasonable differences {¥ 0.20) within the interval of activity
ratios considered. The average errors are 3% and 7% for sets K and J
respectively. Fromthis study it may be concluded that the technique may
have a great potential to be aﬁplie& for determination of uraniumﬁactivity
ratios in water and perhaps, also be applicable for other geoclogical
materials. '

However, one of the main drawbacks of the present study is_that
the tracks have to be counted by eye. Counting the tracks manually is a
time-consuming process, averaging about 3 hoﬁrs per sample for counting
about 10000 tracks. Furthermore, there is a factor of opgrator fatigue
when counting large quantities of tracks. Also, the efficiency may differ
‘from one track observer to another because of the éubjective criteria -
employed in track recognition. However, when an automatic counting
system 1s avallable it can greatly rgduce the tlipe for counting. The
system can count in a matter of a few minutes for an analysis. The auto-
counting system is now widely used, particularly for fission track count-
ing (Gold and Cohen, 1972; Khan and Durrani, 1972; Cross and Tommasino,
1970; Cogel et al., 1972 and others). Automatic counting equipment would

-

be a more chjective means of track counting; the efficiency for counting
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would be different than for manual counting with an opfical miéfoscope.

In summary, the combined fission track and alpha track counting
can glve a good estimate of uri%%ﬁm'activitj ratio (ZBAU/ZBSU) in water &
samples. This method may be useful for determining 23l"U/zjaU ratio in
water samples of very low uranium concentration becausé it only requirss
very small quantity of water sample for an analysis. At very low uranium
concentration it may be d;fficult to analyse by the1x—spectromefry method.
Furthermore, the technlque does not peed specialised electronié equip-
ment, If a nuclear reactor 1s avallable; the cost per sample is fairly
low, Moréover, this method is sinple, direct and may be rapid provided
an auto-counting system is available. However, for good reproducibility,
the éxperimental conditlons have to be strictly ebntrolled such as etch-
ing condition and particularly the total thermal‘néutron flux (n/cmz) m;st
be determined with accuracy. Unfortunately, the integrated neutron fiux
was not determined accurately in this work., Also, a standard calibra-
tion should be pe;formpd to determine fo; both alpha- and fission-track
deteétion efficiency. Nevertheless, further refinements of the technique

are necessary to make it reliable and quantitative. - N

»
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CHAPTER V
SUMMARY

The plutonic rocks that outcrép at the Greyhawk Uranium Mine area
consist mainly of pegmatitic granite andvinﬁyuding metagabbro, The
uranium ore is found in éorphyroblastic leucogranite, As a Tresult of
mii}ng cperations the wasﬁe rocks (pegmatite.and gabbro) were piled up
at the site. These waste rocks have undergone weathering processes and
consequently introduce leachate to the aquifer.

The ground water system in the area 1s.quite complex and is -

_ largely controlled by the free-water elevation in the swamp; ‘The sur-

face water drainage is towards the south-west, draining into Bentley Lake

and Bow Lake.

The preliminary evaluation of tHe Greyhawk ground waters suggests

: that they can generally be divided into two types with respect Eb their

eochemical constituents:

1) The shallow ground water zone which has low total dissolved
solids, and -

(ii) the deeper ground water zone which has a much higher total

. . -
dissolved solids. The principal constituents of the leachate are caleium,

. sg;pb:;i;and:bicarbonate. These wWere produced during rock weathering

N | _ |
processwhere pyrite (FeSz), calcite (CaCOB), dolomite (CaMg(COB)Z .
and anorthite (CaAIZSiZOB) are assumed to be the maln source of major-

lon weathering products.

=

ot
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The Greyhawk.ground waters generall%/3ontqéfféfgigﬁififant con-

centrations of uranium, with most of samples at deep sampling points
usually showing high uranium content @han shaliower samples. Uranium

in these waters formed complexes with carbonate and sulphate lons.
Uranium contents in the waters decrease with @isﬁﬁnce from the waéte rock;
part of the dissolved U is taken up by the porous medium as it flows
through ﬁhe_aquifer: - |

”//;?%e Greyhawk ground waters have a relatively low 23L"U/238U ratio

(0.95 t 1.85); high activity ratio values are usually associated with

deep sampling points. The flow pattern of contaminants emanating from

‘the waste réck source was deduced frﬁm the 23LI'U—enric}'nad water distribu-
tion pattern. It appears that the contaminants is migratﬁpg at inter- \ }
mediate and bottom depths of the aquifer.

- .

The determination of uranium content in the samples with the

neutron activation~delayed neutron counting teclmique is promising. The
technique indicated that prSV1ded an appropriate neutron i;radiation is
avallable, the methoqtis rapid, accuréie}and recise. The technique is
capab}e of handling about 3000 samples per day at the current capaclity
of the‘%cﬁaster University Nuclear Research Reactor.

A new technique to determine uranium isctopic ratio (ZjhU/QBBU)
using combined alpha-track and fissioﬁ—track was developed. With this
technique it was éenerally feasitle to obtain ;'first estimate value of
uranium isotopiq-ratio (ZBAU/QBBU). Considerable impfovements on the
method are stili to be made in ordér to obtain a better p:écision;lcount—

ing of tracks may be done quickly by using the auto-counting system
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. instéad of visual counting; and by ccunting more tracks the technique
3

Would giye a higher precision. To the best of\the author's knowledge this
technique is the first ever initiated and applied in determining 234 /238
ratio in nat environments. Therefo e, naturally the author does not
expect a hig:Ezinee of perfectidk_in/this technique particularly at the
early stage. However, this study would provide an 1ntriguing insight in-

to near future research possibilities,

e
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p ‘ APPENDIX T
/
P ELECTROPLATING PROCEDURE FOR URANIUM
A ‘ (Modifidd after A, Latham)
\\ . /
Ma{ari@s’: _
,»ﬁx\wgél,fElectrolyte of HNO3 + Hzﬁou (L4m T HNO3 and 0.5 ml. of "
conc, H,S0, added to about 500 nls sed (distilled water),
.= . ' )
\\““\1:iju5t8d to pH of about 1.5 with ?HQOH. h’a};;/ic%;,,——_,,/ s
(2) ~dnch diameter stainless steel disc/(i.e. the cathedé fo be
electrodeposited).

(3) An electroplating cell @éde from a 60 ml polyethylene bott%pﬁ The
"bottom is part removed and is used as a1id. Thg cép %?s a étain-
less steel bolt holding a small staiﬁless steelthEf sﬁring which
lightly "spring loads" againsf the disc when the bottle is- screwed
aga:ms*g/iff '

(#) A platinum wire spiral acts as ;node. _

(5) An adjustable d-c power supply to deliver up to severai Amps, with
an ammeter,

s ) : ’
(6) 0.1N HCl for washing the platinum anocde. /////’___i\

(7) Acetone for cleaning and washing,

' The Procedures
(1) After the final separation step of U from other interfering
elementé (as mentioned in the text), take up U aéain‘iﬁ the electrolyte.
(2) Wash a stainless steel gisc\with acetone and place it in the cap

f ¢ 11, *
o he ce N 104
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— - FIG37 DIAGRAM OF - THE APPARATUS
ﬁ_\\\\ 4‘:223*———\J//<;_‘v\\\f‘\\ ' _ EQW%L'PQBWhene '
== v -~ Bottle -
u\ B Zlecirolyte.
. ‘Plat'num - Anode.
Stainless ~Stea| Disc.”
Cap . J _
| Stainless  Sted Contact
¢ . N X

- Crocodile  clip

“‘
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(3) Screw on the bottle tightly and clamp the cell by the cap in the

upside down positién. .

(%) Place the cleaned.platinum spiral (anocde) into the cell about
1.5 cm from the cleaned disc (i.e. caM.

(5) Pour the electrolyte containing the U into the cell. Rinse the
beaker twi’ce and add ﬁore electrolyte into the cell so that the level in
the-311 is about 4/% £u1l. CNIid.

(63* Connect the cell to a d-c battery. Switch on and adjust the
current to about 0.8 Amps. fla:be for about 3 to 4 hours.

(7 At the end of depo§ition do not switch off. Instead, remove the

1id and then quickly invert the cell. This prevents the U from going
N

'bcjk inteo solution. \ ) . )
o~

(8) With the catRade crocodile clip now disconnected, keep the ‘ee11
Inverted and squirt the disc with acetone.

(9) Leave the platinum spiral in 0,IN HCl until the next pla.tg/o}lt.

Notes: ‘_ -
- » . Q

ficlency: : . '
(1) Effic ency: | . o ‘

Three experiments were carried out for checking the efficiency of
electroplating .of U with the above procedure using 232(1 spike solution.
Results of the 3 experiments showed that the recovery of 232U are 70, 88
and 90 per cent; 3 to 4 hours plating time yieldéd 88 and 90% recovery °
while 2 hours plating iime ylelded only 70%. Thus, 3 to 4 hours plating

time should be sufficient.

(ii) The HNO3 electrolyte is .-used to prevent vigorous hydrogen gassing 5
: . A - .

at the- cathcde but this may .occur if a higher curreg’c'. is used ( 1.0 Amps).

Vigorous gassing may result in a poor quality of deposit.



't

(1ii) The deposit, before any flaming should be fairly even over the

area and have a metallic sheen.

7y
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